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A CONTRIBUTION TO THE STUDY OF MUSCLE- 
ENZYMES. By FRED RANSOM, MD. 


(From the Pharmacological Laboratory, Cambridge.) 


THE following communication contains the results of experiments 
made with the object of studying the glycolytic ferment in muscle. 

In the first place it was necessary to obtain a preparation freed 
from nerves and blood vessels which would present, in a handy form 
and with as little change as possible, the essential elements of muscle. 
It must contain the ferments and also retain the power of spontaneously 
coagulating or passing into rigor so characteristic of muscular tissue. 
Trials were first made with “ press-juice” of muscle, but, these not 
turning out satisfactorily, resource was had to the ordinary method of 
freezing and extracting, which, with certain precautions described below, 
was found to answer well. ; 

The careful, and on the face of them convincing, experiments of 
Stoklasa® and his co-workers, on glycolytic enzyme, lactacidase, etc., 
and their preparation from the tissues of plants and animals, have up 
to the present hardly found universal acceptance. Portier“ and 
others were not successful in obtaining the same results. Cohnheim’s 
failure was attributed by Stoklasa d to the use of frozen materials. It 
will be shown later that it is quite possible to extract a solution 
containing active ferment from muscle which has been fruzen;and that 
a precipitate obtained from this solution is also active. 

Method. About twelve frogs are pithed, the aorta of each is cut 
through and, by gently stroking downwards the hind legs of the inverted 
animal, the muscles of the legs freed, as far as mav be, from blood. 
The skin is then stripped off the legs, the feet removed and the spine 
and tissues cut through, so as to separate the legs from the rest of the 
body with as little injury as possible to the leg muscles. Each pair of 
skinned legs, as soon as it is ready, is laid in a freezing mixture. When 
the twelve pairs of legs are frozen hard they are passed through a 
carefully cooled mincing machine and, without giving them time to 
thaw, replaced in the freezing mixture. When again quite hard they 
PH, XL. 
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2 F. RANSOM. . 
are weighed and transferred to a cooled mortar in which they are 
beaten up with at least an equal weight of ice to which 3°/, or 4°/, of 
common salt has been added. The pulp thus obtained, whilst still 
below freezing point, is placed in the ice chest. It is of great im- 
portance, especially with frog’s muscles, that during the whole process 
up to this point the muscles be kept at a temperature below O' C. In 
the ice chest, with a temperature of 2°—3° C., the muscles gradually 
thaw and in about 12—24 hrs. a fluid has separated itself which is the 
plasma used in these investigations, It may be conveniently called 
cooled plasma. An analogous process with fowl’s muscles “ also gave 
quite satisfactory results, and is preferable in that the.plasma obtained 
is not so susceptible to change at moderately low temperature, whereas, 
even in the ice chest at 2°—3° C., frog’s plasma in a day or two becomes 
more or less coagulated, just as intact frog’s muscles after a few days 
pass into rigor mortis even if kept at 0°C. The object of keeping the 
temperature low is to check fermentation and so hinder the develop- 
ment of lactic acid, which is believed to be injurious to the ferments . 
If this plasma be poured into a mixture of alcohol and ether, the 
precipitate rapidly filtered off, washed with ether and dried in vacuo 
(Stoklasa’s method ), a nearly white powder results which contains 
active ferment. 
The cooled plasma is a clear, viscous and slightly opalescent fluid, 
‘usually faintly pink in colour and more or less acid in reaction. Frog's 
plasma gradually loses at quite low temperature (2°—3°C.) its trans- 
luceney and opalescence, becomes more or less grey and opaque and 
coagulates to a gelatinous mass. At 32 C. these changes begin in a 
few minutes. Fowl's plasma is less susceptible to a rise of temperature, 
but undergoes a similar change at 27° C. or lower. 


EXPERIMENTAL. 


Pisani 1 from fowl 
Is a clear, pinkish fluid. Reaction acid, 1 0.0.14 N NaHO. 


100 
Exp. I. Plasma 1 20 0. 
N 10%, Gl Placed in incubator at 388°C. After 17 hrs. has 
% Glycogen sol. 2 0. 0. ‘ati 
Saline 2 c. o. * 


Shaken up and filtered, the filtrate made up to 24 b. d. with water. Reaction acid, 


10.0. 1 75 00 Na HO. The filtrate gives strongly the Hopkins-Fletcher ( reaction for 
lactic acid. 


1-090 has taken place accompanied * a S of 
acid = 0°50 100 NaHO per ac. | 
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MUSCLE ENZYMES. 8 


Some plasma 1, which had coagulated to a grey gelatinous non- 
translucent mass in the attempt to centrifuge it, was treated as follows 
in order to ascertain whether ferment were still present. 


Expr. II. In test-tubes: 


1. Plasma 1 5 «ac. 2. Plasma 1 5 o,. 
Saline 1 .o. Saline 0°5 o. o. 
Toluol 05 0. 0. 7% Glucose sol. 0°5 0. 0. 

Toluol 0•5 0.0. 


After 17 hrs. at 27°C. 1. Is milky white with fine white fakes. 2. The upper half 
is milky white with white flakes, the lower half forms a tolerably firm white coagulum. 


From this it appears that ferment remains active after the first 
coagulation. The influence of the glucose in favouring coagulation is 
unmistakable. The toluol has not prevented the action of the ferment. 


Plasma 2 from fowl. 

cheat, slightly opelescent Suid. Reaction seid, 1 0.0.=1°8 100 NaHO. 

Exr. III. The following solutions were placed in three ordinary fermentation saccharo- 
meters without mercury. 

1. Plasma 2 7 0. 0. 2. Plasma 2 7 0. o. 8. Plasma 2 7 0.0. 

7 % Glucose sol. 1 0. 0. 7 % Glycogen sol. 1 0. o. Saline 2 6.0. 

Saline 1 0.0. Saline . 1 0. o. 

After 20 hrs. at 88°. The contents of Nos. 1 and 2 are milk-white tolerably firmly 
coagulated and have the appearance of boiled white of egg. Scattered throughout the 
mass are numerous gas bubbles, but there is no collection of gas at the tops of the tubes. 
There are more bubbles in 2 than in 1. The upper part of the contents of No. 8 is of a 
pearly grey colour forming a gelatinous mass which encloses numerous gis bubbles; the 
lower half of the tube is filled with a clear, colourless fluid. 


The contents of each glass were shaken up, poured off, filtered, and the filtrate made up 
to 9 c.c. with water. 


No. 1 filtrate is acid, 1 c.c.=2°9 e. 100 NaHO=gain of 1°5 


No. 2 filtrate is acid, 1 c. 0. 0. 0. 100 NaHO=gain of 0. 0. 


— NaHO=gain of 08 b.0. 100 


No. 3 filtrate is acid, 1 c. 0. 2˙0 0. 0. i00 


Both the degree of coagulation and the 3 of acid are 
greater in the glasses to which glucose or glycogen has been added. 
The retention of the gas bubbles in the coagula and the absence of any 
collection of gas at the tops of the tubes suggest that the coagulation 
in part precedes the formation of gas. 

Some cc. of plasma 2 were precipitated with aleohol-ether. The 
dried precipitate is a nearly white powder called here ferment 2, and 
with it the following experiment was made. 


1—2 
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4 F. RANSOM. 
Exe. IV. Two fermentation saccharometers were charged as under and the tubes 


closed with mercury. 
| ) 1. 2% Glucose sol. 7°5 0.0. 2. 2% Glycogen sol. 7°5 0.0. 
2 Saline 3 | Saline 8 6.0. 
Ferment 2 0-21 g. Ferment 0-21 g. 
After 20 hours at 27°. No. 1 has 2°6 c. 0c. of OO, at the top of the tube. No. 2 has 


3.2 0.0. OO, at the top of the tube. 
The contents of the tube were poured off, filtered, and made up to 10°5 e. o. with 
water. Both filtrates give the Hopkins-Fletcher lactic acid reaction strongly. 


No, 1. Total acidity: 1 ¢.0.=8-16 NaHO. After boiling 1 0.0. = 9°20 NaHO. 


No. 2. Total acidity: 1 0.0.=8'10 0.0, NEO. After boiling 1 0.0. =2-60 150 NaHO. 


* From these results it is clear that ferment 2 is active, and that 
there has been a formation of CO, and of lactic acid. 


Plasma 3 from fowl. 
Exr. V. Three small test tubes were charged each with 2 c.c. plasma 3. 
No. 1 placed at-88°C. After 16 brs. No. 1 is coagulated to a grey gelatinous mass with 


flakes of denser material. 
No. 2 „ » 27°C. 65 „ No. 2 is f gelatinous. 
No.8 „ „ 18°C. * „ No. 3 is unchanged in appearance. 


This shows that for fowl’s plasma 38“ C. is nearer the optimum 
temperature than 27° or 18°. 


Exp. VI. The following solutions were placed in two fermentation saccharometers 


without mercury. 
After 17 hrs, at 27°, 
1. Plasma 3 = 1 6.0, No. 1 is filled with a milk-white, firm 
7% Glucose sol. 1 o. c. coagulum, scattered in which are a few gas 
Saline 1 c. e. bubbles 


No. 2 is filled at its upper part with 
2. 3 pearl- grey floooulent coagulum studded with 
| Salin 2. numerous gas bubbles. 
\ 
wi 


No. 1. Total acidity; 1 0.0. =2°25 C. o. — NaHO ; after boiling 1 o.c.=2-06 Neno. 


N N 
No. 2. lec=18 o. 100 NaH O; after boiling 10.0. 100 NaHO. 


ee. Mo. 1 Slteate+1 Febling’s Ca gives only slight discoloration. Boch 
-| filtrates give the lactic acid colour reaction. 

It appears from this that plasma 3 coagulates at 27°C. spontaneously, 
and that, on the addition of glucose, the coagulation becomes much more 
complete. “The presence of bubbles caught in the coagulated mass and 
the fact that they are more numerous in the less completely coagulated 
plasma suggest that the coagulation begins and has made some progress 
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MUSCLE ENZYMES. 5 


before the formation of gas commences, This idea is confirmed by the 
small amount of CO, in No. 1 compared with the very notable increase in 
lactic acid, an increase which is further indicated by the very complete 
coagulation which has occurred in No. 1. 

With the object of comparing the results when varying quantities of 
glucose are added to plasma the following series was set up. 


Exp. VII. Small test-tubes were employed and the glucose was always added in the 


same amount of fluid, t. e. 0°05 c. o. 


Plasma 3 20 % Glucose sol. 
1°5 c.c. + 0-05 0. o. 
1°5 0.0. + 0.0. 
1°5 0.0. + 0°0125 o.c. 
1°5 C. 0. + 0°00625 c. o. 


ey 


17 hrs. at N. 

1. The whole contents form a milk- 
white coagulum with a few bubbles shut 
in it. 

2. The greater part forms a milk-white 
coagulum with several gas bubbles, above 
the coagulum a drop or two of fluid. 

8. Pearly-white coagulum less firm than 
2 with many gas bubbles. 

4. The upper part is pearly-white 
gelatinous mass with numerous gas bubbles, 
underneath is clear fluid. 


The consistency decreases gradually from 1 to 4. The gas bubbles increase gradually 


from 1 to 4. Oontrol tube: 1°5.c, Pl. 8. 


After 17 hrs. at 32°. Contents form an 


opaque, soft grey coagulum with a few gas bubbles. 


The influence of the glucose in favouring coagulation is obvious: the 
consistency of the clot decreases as the amount of glucose falls, The 
contrast in consistency between the control and Nos. 1, 2, 3, is striking, 
No, 4 approaches more nearly to the control but it is evident that the 
small addition of glucose, 008%, is not without influence both on the 
coagulation and on the formation of CO,. A comparison of the tubes 
suggests, as in other experiments, that the formation of acid and the 
resulting coagulation in part precede the development of CO, 

Exe. VIII. Some c.c. of plasma 8 were precipitated with alcohol-ether. With the 
powder thus obtained the following experiment was made. 
In fermentation saccharometers with mercury. 


1. OM 
Ferment 8 0-1 g. 
Saline 10 o. 0. 


2. Glucose 02 g. 
Ferment 8 0˙2 g. 
Saline 10 e. o. 


Atter 18 hrs. at 27°C, No. 1. Some bubbles of gas at the top of the tube. No.2. At 


the top of the tube is 1 Ce. CO, 


No. 1. Total acidity : 10 288 100 NaHO. After boiling 1 ¢.¢.=0-75 ng NaHO. 


No. . Total acidity: 1 ¢,0.=2°60 


NaHO. After boiling 1 0.0.= 1-65 100 NaHO. 


In both cases fermentation has taken place, though in the tube with 
the larger amount of ferment powder there has been a more marked 
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production of CO, and of lactic acid, the latter evidenced by the colour 
reaction. The influence of glucose on the coagulation of muscle plasma 
is also quite evident with plasma 4, as the following series shows. 


Plasma 4 from fowl. 


Is a clear, slightly pink, opalescent fluid. 
Expr. IX. Small test tubes. Glucose always in 0°05 c. e. 


PL4 20 % glucose sol. After 16 brs. at * 

1. 1˙8 o. o. 0°05 0.0. No. 1 is milk-white like boiled white of egg in 
2, 1°5 C. o. 0-025 0. o. colour and consistence. The rest of the series 
. 1˙8 0. o. 0°0125 0. 0. shade off in colour and consistence from 1 to 5, 
4. 1°5 0. 0. 0-006 0. 0. the latter is hardly distinguishable from the 
5. 1˙8 0. o. 0-008 0. o. control. All the tubes contain gas bubbles. 


Control: Pl. 4, 1°5 c.c. after 16 hrs. gelatinous, grey, still a little opalescent, some gas 
bubbles. Quite distinct in appearance from Nos. 1, 2, 3 and 4. 


Four days later Nos. 1 and 2 were unchanged (standing in the laboratory), whereas the 
other tubes and the control had become more or less liquefied. 

A similar series, but using 10% glycogen solution instead of glucose, 
gave precisely analogous results, showing clearly that the degree of 
_ coagulation depends (the ferment being present) on the amount of 
glucose or glycogen at disposal. With 0°003c.c. of a 20 ¼ solution of 
glucose (= 0°04 % in the tube) there was little if any difference from the 


control, In order to observe the beginning of coagulation the following 
experiment was made. 


Exe. X. Fowl’s plasma, slightly pinkish and distinctly opalescent. Four small test- 
tubes were charged with 1 c. o. of a very concentrated plasma with the following result: after 
1 hr. at 28°; the contents of all the tubes are gelatinous, greyish white in colour, there 
are numerous gas bubbles scattered in the mass, the plasma is no longer opalescent but 
still somewhat translucent. It is not milk-white. After 20 hrs. : the contents of all the 
tubes are coagulated to a white mass, like boiled white of egg, in which are included 


numerous gas bubbles. 

It is important to notice that both coagulation and gas development 
commenced with an hour after exposure to 28°C. The coagulation 
occurred gradually. 

; Plasma 5 from fowl. 
The plasma is clear, almost colourless, and flows readily. 


Exr. XI. Small test-tubes were charged with plasma, then glucose in gradually 
diminishing doses added as follows (glucose always in 0-065 ¢.¢.) : 


Pi. 6 20% glucose sol. After 20 hrs. at 28° C. 
1˙8 0. o. 0°05 0.0. No. 1 is coagulated to a milk-white mass with 
1% 0. 0. 0°025 0. o. a very few bubbles scattered therein. The 
1°5 6.0. 00125 c.c. contents of the following tubes shade off 
15 0. o. 0•006 c.c. gradually in colour and consistence to No. 5 
1°5 e. o. 0°008 c.c. which forms a pearly-grey 


gelatinous mass 


with many bubbles, 
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Control: Pl. 6, 1°5 ¢.c. after 20 hours at 28°: coagulated to a grey, gelatinous mass 

with numerous gas bubbles. There is practically no difference between control and No. 5. 

It appears that to produce an appreciable effect on the cvagulation 

a minimum addition of between 008 / and 004% glucose is necessary. 

In order to ascertain what effect exclusion of air might have the 
contents of the tubes were covered with a layer of liquid paraffin. 


PLS 10% Giyeogen sol. 
Exr. XII. I. 1 0.0. 0°05 0. o. Covered with paraffin liquid. 
2. 1 0.0. 0-05 e. o. Left free. 


After 18 hrs. at 28°C. 1. Coagulated to milk-white mass enclosing numerous bubbles, 
2. Coagulated to milk-white mass, no bubbles. 


PL. 6 10% Glycogen sol. 


Exp. XIII. 1. 10.0. 0°05 0. o. In two series, one with and one 
2. 1 0.0. 0-025 0. o. without paraffin covering. 
8. 1 0.0. 00125 o.c. 
4. 1 0.0. 0-006 c.c. 
5. 1 0. o. 0-008 0. o. 


After 18 hrs. at 28°C. Both rows show the same shading off in colour and consistency 
from No. 1, which is milk-white and firm, to No. 5 which is pearl-grey and gelatinous. 
There are but few bubbles in the tubes without paraffin, very considerably more in those 
of the other series. The coagulation in the paraffin tubes appears somewhat firmer but 


the difference is not very marked. 
It would seem from these results that both coagulation and CO, 
production are favoured by the anwrobic method. 


Plasma 6 from fowl. 


Is quite clear, faintly pink in colour, opalescent. 
Expr. XIV. The possibility of coagulation without any evident development of OO, is 
exemplified in the following. 
1. Pl. 6 2 0.0. 2. Pl. 6 8 . 0. 
10 % Glucose sol. 0°1 0.0. Saline 0˙1 0.0. 


After 16 hrs. at 82 C. No. 1 coagulated to a firm milk-white mass without bubbles. 
No. 2 coagulated to a grey gelatinous mass without bubbles. 

If the coagulation of plasma is the work of an acid formed out of the 
glucose by the action of a ferment, it should be possible, by adding 
enough glucose, to increase the development of acid and so coagulate 
not only the plasma buf also any additional albumin; the N 
experiment shows that this can be done. 


XV. 


1. Pl. 6 1 ». 0. 2. Hen serum 1 .. 
Hen serum 1 . 0. Saline 1 664. 
10 % Glucose sol. 0°25 0. d. 10 % Glucose sol. 0°25 b. 0. 


After 18 hra, at 82° C. No. 1 is entirely coagulated to a firm, yellowish mass, inter- 
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No, 2 is unchanged. 
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When quite fresh and cold is a clear, pinkish fluid, but, even in the ice chest and more 
quickly at the temperature of the air of the room it becomes turbid, — e en 


ef 


This highly interesting result is supplemented in the following series. 
nur KVL. The plasma, always in 0-5 0.0. by adding saline when necessary, is placed 


Some points in the above series are not easy to interpret and must 
form the subject of future investigation, in the mean time, a comparison 
of No. 8 with c shows that whilst plasma alone causes little, or, more 

probably, no coagulation of serum, yet the addition of a little sugar 
enables it to do so. It may be noticed in passing that the mixture of 
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in small tabes without paraffin. 
Hen sorum PL. 6 10% Glucose sol. After 18 hrs. at 82° C. 
1. 1 0.0. 0˙1 oc, 0°05 0. o. 1. Turbid, some flakes, no bubbles. 
2. 1 0.0. O25c0c. 005 0.0. 2. More flakes, partly coagulated, no bubbles. 
8. 10.0. 0°5 0. o. 0•05 o. o. 8. Entirely coagulated, some bubbles. 
Saline 
a. les, 0-1 0. 0. 0.06 0.0. a. Turbid, some flakes, no bubbles. 
d. 1 0.0. 005 0. 0. b. Rather more flakes, no bubbles. 
0. 1 0. o. 05 0. 0. 0-05 o. o. c. Still more flakes, some bubbles. 
Hen serum Saline 10% Glucose sol. | 
Control : 1 c. 0. 0-05 C. c. 005 0. 0. Control quite olear and unchanged in 
7 appearance. 


hen serum and sugar solution remains unchanged in appearance. 
The following series demonstrates the presence of ferment. 


Cooled plasma F from frog. 


Exp. XVII. In small test-tubes, the contents covered with paraffin liq. 


and very viscous. 

PLY 
1. 1 0.0. 
2. 1 ac, 
8. 1 oc. 
4. 1 0.0. 
Control: 1 0. 0. 


From this it is clear that frog's plasma contains a ferment capable of 


acting on glucose. 


A comparison was then made between frog's plasma with glacose and 


with glycogen. 


Exp. XVIII. In fermentation saccharometers with mercury. 
1. 5% Glucose sol. 5 0. 0. 


| 


Pl. F 
Saline 


10 / Glucose sol. 


0-05 o. c. 
0-025 0.0. 
0-0125 0.0. 
0-006 0. 0. 
Saline 
0°05 0.0. 


1 0.0. 
40.0. 


After 16 hrs. at 82° d 


1. Coagulated, 


2. Ditto. 


8. Coagulated, opaque, some bubbles. 
4. Coagulated, opaque, a few bubbles. 


„ 


the fewest bubbles of all. 


2. 2-5 % Glycogen sol. 
Pl. F 
Saline 


5 0. o. 
1 ow, 
4 0.0. 
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After 10 minutes at 32 C. 1. A light floceulent precipitate has formed which is 
covered and permeated with innumerable small gas bubbles. 2. A light flocoulent pre- 
many as are in No, 1. 


After 17 hrs. at 82°C. No.1. The flakes have balled themselves into little clumps 
together and on these hang innumerable bubbles. The fluid between the fiakes is clear. 
No, 2. Has much the same appearance but the bubbles are less numerous. 


It is important to note that fermentation had commenced within 
ten minutes after placing the tubes at 32°. As will be seen — one 
has to wait somewhat longer with fowl plasma. 


The saccharometers were emptied, the contents of each filtered, the filtrate neutralised 
and then about 4 distilled over. The distillates give with H,SO, and K, Or, O, a pale steel- 
blue colour with which more chromate becomes greenish yellow. 


The experiment was repeated with another frog-plasma and the same 
results obtained, especially the quick commencement of the fermenta- 
tion was again observed: 

In Exp. XIX the plasma was examined three hours after being 
placed at 32°C. and fermentation was found to have already commenced. 


Plasma 7 from fowl. 
_ Exe. XIX. In fermentation saccharometers with mercury. 
1. 5% Glucose sol. 5 0. o. 2. 2˙5 % Glycogen sol. 5 0. o. 
1 Pl. 7 1 0.0. 
Saline 4 0.0. Saline 4 0.0. 


After 3 hrs. at 82°C. In both tubes a light floceulent precipitate has formed to which 


bubbles of gas cling, also at the tops of the tubes a few bubbles have gathered. There is 
little or no difference between the tubes. | 
After 21 hrs, at 5 C. No. 1. At the top of the tube 260.0. OO,. Flocculent preeipi- 
tate in clumps with adherent bubbles. No. 2. At the top of the tube 2°4 c. 0. CO,; 
precipitate as in No. 1 but with rather less bubbles. 
The contents of the tubes were poured off, filtered, neutralised and distilled. The 
distillates give with K, Or, O, the alcohol colour reaction. 


100 NaHO and the following figures obtained : 


No. 1. Total acidity; 1 ¢.c.=2-15 0. 0. 100 - after boiling 1 6.0. =1-60 


*. Total acidity : 1 0.0.=1°65 0.0. 109 after boiling 1 0.0. 115 180 


Comparing these with the figures for ferment 2 in Exp, IV it will be 
seen that 0°2 g. of the dried precipitate is rather more o than equal to 1 C. 
plasma, as far as total acidity is concerned. 

The following experiment was made using the fermentation sac- 
charometers without mercury, but the fluid in the bowl of the ee 
was covered with liquid paraffin. 
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Plasma 8 from fowl. — 
Expr. XX. 
1. 5% Gltoose sol. 5 0. o. 2. H,0 5 0.0, 
Pl. 8 10.0. Pl. 8 1 0.0. 
Saline 40. 0. Saline 40.0. 


=~. After 1 hr. at % O. Plocoulent precipitate and bubbles have formed in both tubes, 
more in 1 than in 2. | 

After 22 hre. at 82°C. No. 1. 1-6 c.. CO,. Flocculent precipitate, bubbles. No. 2. 
Some bubbles have collected at the top of the tube, there is a floeculent precipitate with 
some bubbles. The contents were poured off and filtered. ‘ 


No. 1. Total acidity: 1 ¢.c.=1-65 0.0. 18) NaHO, after boiling 1 0.0. =1-80 fl — 


No. 2. Total geidity: 10e. 90 10) NaHO, after boiling 1 0.0, 86 0.0. 100 

The remainder of the filtrates were neutralised and distilled. The distillates treated 
with H, 80, and K, Or, O, 

No. 1 gives the alcohol colour reaction distinctly. No. 2 uncertain or feebly. 


The comparison of the two tubes shows very distinctly the effect of 
the addition of glucose in increasing the fermentative action. The 
rapid commencement of fermentation noted in this experiment is con- 


firmed in the following. 
y, Exr. XXI. In small test-tubes with covering of paraffin liq. 
After! hr, at 0. Flakes dispersed thickly through- 
6% Glacose sol. she liquid, gas bubbles under the paraffin 
Saline 05 0. o. 


After 18 hrs. at 32 C. Firmly some bubbles in the mass, more under the 
paraffin covering, 
There can of course in these cases be no idea of bacterial com- 
plication. 
' - - ‘To estimate the influence of the exclusion of air by means of the 
paraffin covering the following comparison was made. 


Expr. XXII. 

PLS 1 .o. A Pl. 8 1 «ae. 

; Saline 05 0.0. 

PLS 1 ac). Pl. 8 1 «ec, 

Saline 60 oat 5% Glucose sol. 0-1 ¢.0. 


Saline 0°56 c. 
e Both sets are coagulated, 2 and 2p being much the firmer. 
Neither between 1 and lp nor between 2 and 2p is there any material difference in con- 
sistency or gas formation. 


The following experiment, which is practically a repetition of XX, 


was made to compare the amount of alcohol, if any, formed with and 
without the addition of glucose. | 
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Exr. XXIII. In fermentation saccharometers, the fiuid in the bowls covered with 
paraffin liq. 


1. Pl. 8 1 0. 0. 2. H,O 5 o. o. 
5% Glucose sol. 5 0.0. Pl. 8 1 6.6. 
Saline 40.0. Saline 40.0. 


After 1 hr. at 3 C. No. 1 has flakes and bubbles in the tube and under the paraffin 
covering. No.2 has some flakes but only a few bubbles in the tube and none under the 
paraffin covering. After 18 bre. at 32 C. No. 1 has 1°60 c.c, OO, with a floceulent 


precipitate and bubbles under the paraffin covering. No. 2 has a flocoulent precipitate — 


with a few bubbles. The contents of the tubes, after precipitating the albumin with picric 
acid , were neutralised and distilled, then redistilled, brought with H, O up to 56; c. e. and 
to each 5 0.c. H, 80. added. On titrating with a 09 %/, K,Or,0, solution, No, 1 


required 1-8 c. 0. to bring the colour to a greenish yellow. No. 2 required 0°83 0. c. to arrive 


at the same point, but in the latter case the action was not distinct. 


The experiment was repeated with the same plasma and under the same conditions 
with the following result : 


No. 1 required 1-0 0. o. to bring out the yellow green tint. No. 2 required about 0°83 0. o. 

In the case of No. 1 the first 2—8 drops of Cr solution were quite bleached, with the 
next drop or two the colour became pale steel-blue passing with further Or into green- 
yellow—yellow-green. No. 2 did not make this series through, A 
bleached the next drops gave a yellow-green tint. 


Further repetitions always gave the same result, that with the 
contents of the glucose tube the reaction was always distinct, the other 
tube gave an uncertain or negative reaction. There cannot under 
these circumstances well be any doubt that the addition of glucose to 
the plasma has favoured the formation of alcohol. 

In the following experiment the contents of the saccharometers were 


shaken with toluol and a layer of toluol placed over the fluid in the bowl, 


Exp. XXIV. In fermentation saccharometers. 


1. 0. o. 2. 0. o. 
1 6.6. 2 

— 4 0.0. 4 0 
Toluol 0˙5 c.c. Toluol 0˙5 o. o. 


After 17 hrs. at 82°C. Both tubes are filled with white flocculent precipitate with 
bubbles of gas hanging to the flakes and bubbles under the toluol covering. No. 2 has in 
addition 0°8 0.0. CO, at the top of the tube. 


This and other similar results make it very improbable that, in the 
experiments now communicated, bacterial infection played any impor- 
tant réle (compare Inouge and Kondo™), moreover, especially on 
account of the rapidity of action, such an infection would not account for 
the results obtained. Generally therefore the experiments were made 
without using any antiseptics; care being taken however to work as 
aseptically as possible. 

It was noticed on several occasions that the most firmly coagulated 
glucose-plasma mixtures, namely those containing the most glucose, 
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showed the least development of CO,. An example of plasma with and 
without glucose is given here. 


with and without paraffin covering (p= parefiin).. 
Plasma C, 1 0.0. Plasma 1 
Saline 0. 1p. | Saline 06 0.0. 1. 

8% Glucose sol. 0-1 0. c. 5% Glucose sol. 0.0. 
Plasma O, 0 Plasma O, 1 0. 2 
Saline 2p. | Saline 0.6 0. 0. 

Ip. Milk-white, firm coagulum, no gas bubbles. 

1. Ditto. 


2p. Coagulum greyer and softer than Ip and 1, . 
paraffin covering. 

2. Coagulum the same as 2p, with bubbles. | 
It would seem from this that coagulation, which may be looked upon 
as the effect of lactic acid on protein, takes place independently of CO,, 
and it becomes probable that the CO, is formed later by the action of 
lactacidase on lactic acid. Of course in practice the two processes go 
on simultaneously 4%, dc, 09, 

In further experiments it was found that in frog s plasma the 

generation of lactic acid begins at once if the temperature is about 
15°C. The following demonstrates this: 


To 21 0.0. of 4% glucose solution at 15°C. were added 4 0.0. of frog’s plasma. As 
soon as the fluids were mixed small bubbles and a diminution of translucency were 
noticed and in a very few seconds the whole fluid was crowded with tiny bubbles, and 
a flocculent cloud had appeared. The plasma titrated just before making the mixture 


had an acidity of 1 c. 0. 2˙80 0. o. 200 Neno. Immediately after making the mixture 
1.0. was withdrawn and titrated and gave 10158 0.0. 100 whereas the calculated 
‘ai ld be 


tor each e. d. of mixture had taken place. 


=0°45. That is to say, in the second or two necessary to mix the 


It is hardly open to doubt that this quick development of lactic 
acid, when it takes place under the influence of the central nervous 
system, is the cause of voluntary muscular contraction. Hopkins and 
Fletcher (loc. cit.) have shown that in excised intact muscle kept in an 
atmosphere of oxygen a disappearance of lactic acid occurs. The same 
fact may be observed in muscle plasma to which well oxygenated red 
blood corpuscles have been added; the mixture loses its bright oxy- 
hemoglobin colour and becomes dark purple, and an examination for 


lactic acid gives either a negative or a much feebler reaction than 
before the addition of the corpuscles. : 
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The aleohol-ether precipitate from muscle plasma in the presence of 
glucose yields alcohol as the following experiment shows : 
In fermentation saccharometers with liquid paraffin covering the fluid in the bowls. 


2% Glucose sol. 7 0.0. 2. Glyeogen 7 0.0. 
Saline 2°5 0. o. o. 
Ferment 2 02 g. 0-2 g. 


After 18 hrs. at 82°C. 1. 220.c.CO,. Reactionacid. 2. 250.0.00,. Reaction 
acid. 


Contents of tubes, filtered, neutralised and distilled, the distillates give the alcohol 
colour reaction with H,SO, and K. C, O, 


The following experiment shows the rapidity with which alcohol is 
formed. 


To 25 c.c. glucose solution were added 8; c. c. frog’s plasma. The mixture was ready at 
10.45 aap. and was placed at once in the incubator at 32°C. 
lla.m. Clot has formed, there are numerous gas bubbles. 


12 mid-day. There are very many bubbles, the clot swims at the top of the enceharo- 


meter tube, 


Removed from incubator, precipitated with piorio acid, distilled, neutralised with Zn0, 
redistilled and again distilled. The last distillate gives the chromate reaction quite 
Discussion. 

The presence of a glycolytic ferment in muscle is now very generally 
acknowledged do, and the experiments here communicated confirm the 
correctness of this view. The possibility that the metabolism of glucose 
in muscle may be influenced from other sources, such as the pancreas d 
or the suprarenal capsules, need not be discussed on this occasion, as the 
subject has not been included in the present investigations. 

Production of CO,. In excised muscle, at suitable temperature, CO, 
is formed continuously, but this formation may be checked for a time by 
keeping the muscle at a sufficiently low temperature. Similarly muscle 
plasma, kept at 0°C. or thereabouts, yields no or very little CO, 
Further, soon after exposure to a higher temperature, e.g. 27°C., flakes 
and gas bubbles begin to form in the plasma, which then gradually 
coagulates, just as the intact muscle, under similar conditions, passes 
into rigor. The production of CO, by muscle plasma takes place 
whether its surface is free or the air is excluded by a paraffin or toluol 
covering, in this reminding one of Pfliiger’s frogs, which exhaled CO, in 
much the same quantities whether kept in air or in an oxygen free 
atmosphere. It would seem then that the chemical conditions pre- 
vailing in muscle and in plasma are much the same. Cold does for 


plasma what cold or an oxygen atmosphere does for intact muscle— 
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hinders the formation of lactic acid, and staves off rigor mortis or its 
countertype coagulation. These considerations seem to justify the 
application, within certain limits, to muscle itself of conclusions drawn 
from observation of the plasma. | 

The generation of CO, can be increased or, under certain circum- 
stances, restricted by the addition of glucose or glycogen to muscle 
plasma. 

If in a series of glucose plus dilute plasma mixtures, where 
coagulation, in consequence of the dilution, takes a flocculent form, the 
quantity of plasma is constant and that of glucose varies, the preparations 
with the larger additions of glucose will generate the larger amounts of 
CO,. If however, in adding glucose, the plasma is diluted as little as 
possible and so the formation of a firm coagulum encouraged, it will be 
found that the completeness of the coagulation increases with the 
amount of glucose added, but in the most firmly coagulated specimens, 
there is often no or very little CO, formed. This is an important 
observation, for though the disappearance of glycogen or glucose from 
intact muscle and the formation of lactic acid and CO, are acknowledged 
facts, which apply also to finely divided muscle d and to plasma; yet 
the steps of the process by which the formation of CO, takes place are 
not definitely settled—“it is not yet certain whether the sugar is 
transformed by an organ-ferment into lactic acid (or an intermediary 
body) and thence into alcohol and CO,.” Of course the uncertainty is 
done away with if Stoklasa’s views are accepted. In the mean time it 
may help to clear the ground if it is shown, as in these experiments, 
that in muscle plasma coagulation, i.. lactic acid formation, can take 
place before the development of CO,. For the splitting off of CO, from 
lactic acid means the formation of alcohol, which would then have to 
take its place as one of the normal sources of energy in the metabolism 
of muscle. 

Lactic acid. Plasma, prepared in the manner described above, 
contains lactic acid, due doubtless d to the unavoidable mechanical 
injury to the muscles. When muscle plasma spontaneously coagulates 
the amount of lactic acid is found to be increased, so presenting a 
striking analogy with intact muscle in action. It has been suggested 
that rigor mortis is due to the coagulation of muscle protein by lactic 
acid . In the presence of glucose or glycogen the amount of lactic 
acid formed in plasma is greater and the coagulation firmer than is 
otherwise the case, so that the greater density of glucose-plasma, 
when contracted; may be regarded as an exaggerated rigor mortis in 
vitro—a super rigor due to the extra production of lactic acid. . 
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Coagulation. The spontaneous coagulation of muscle extract or 
plasma has been noticed often enough (Kühne); the present experiments 
show further the very interesting fact that the density or completeness of 
the coagulation may be greatly increased by the addition of glucose or 
glycogen to the plasma, the degree of contraction—coagulation—varying 
directly as the amounts of glucose or glycogen added. Smaller 
quantities than about 0°06°/, to 004% glucose do not produce any 
appreciable effect, with about 1'5°/, glucose a maximum coagulation is 
obtained. These figures are interesting in view of the fact that resting 
muscle is said to contain from 01°/, to 2°5*/, glycogen. The spon- 
taneous coagulation of plasma may, like rigor mortis, be delayed by a 
temperature approaching 0° C.; in the case of the fowl’s muscle plasma 
for some days, but in the case of frog’s plasma, unless it is n 


frozen, not for so long. 


‘This effect of cold is doubtless due to the hindrance which low | 
temperature exerts on the action of the ferment (zymase) converting | 


glucose into lactic acid. 


Formation of alcohol. The presence of small quantities of alcohol in 
fresh organs and tissues seems to be established“; Kobert found it 


especially after the addition of glucose to turtle liver . 


In the 


experiments here communicated it will be seen that the presence of 
alcohol could be demonstrated quite distinctly when glucose or glycogen 
had been added to the muscle plasma. Moreover the alcohol-ether 
precipitate from plasma gave the same result, as for example with 


ferment 2 obtained from fowl plasma. 


Toluol does not prevent the alcoholic fermentation with muscle 
plasma or muscle plasma precipitate. These experiments demonstrate 
that there is a ferment in muscle capable of converting glucose into 
alcohol and it seems not unlikely that the process thus shown in vitro 


corresponds more or less with what takes place in vivo. 


SUMMARY. 


It is possible to prepare from frozen muscle a plasma containing a 
ferment or ferments capable of converting glucose or glycogen into lactic 


acid, CO, and alcohol. 


The fermentation begins, in the case of frog’s plasma, at once or at 
most within ten minutes after the exposure of the preparation to a 
temperature of 15° C.—32°C. In the case of fowl plasma there is more 
delay, but certainly within an hour commencing fermentation can be 


distinctly observed. 
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If the plasma be precipitated with aleohol-ether a powder is obtained 
which is active in the same way as the plasma itself, though not with 
the same rapidity. 

There is reason for thinking that the production of lactic acid 
precedes that of carbon dioxide in the process of fermentation in muscle 
plasma. 

By the addition of glucose to plasma the production of lactic acid 
may be so increased that foreign protein, eg. serum, added to the 


plasma will also be coagulated. 
With plasma to which either glucose or glycogen bad been added 


lactic acid, carbon dioxide and alcohol were always formed after 
exposure to temperatures between 27 C. and 38° C. 

The formation of alcohol appears to commence. almost immediately 
after mixing plasma with glucose, if the temperature be favourable. 
With frog’s plasma alcohol has been found within an hour and a half 
after the mixture had been made. 
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ON THE EXHALATION OF DRUGS BY THE LUNGS. 
By ARTHUR R CUSHNY. ° 


(From the Pharmacological Laboratory, University College, London.) 


THE exhalation of vapours by the lungs has not been the subject of 
systematic observations hitherto, and no definite statement is to be 
found in the literature as to the factors involved in it apart from the 
volatility of the substances eliminated by this passage. As regards 
individual substances, some results have been recorded; thus Magnus“ 
found that ammonia is not excreted by the living lung and also fails to 
be absorbed from the air passages, and he considers the living pulmonary 
epithelium to be impermeable by ammonia. A number of observers 
have demonstrated that ethyl alcohol is eliminated by the lungs only in 
traces even when large quantities have been ingested, while on the 
other hand it is well known that some of the higher alcohols can be 
detected in the breath, when comparatively small amounts have been 
absorbed. Pohl“ has recently shown that in the dog and cat, and to a 
smaller extent in the rabbit, amylene hydrate and tertiary butyl alcohol 
injected intravenously are exhaled by the lungs in large part, while 
isoamyl alcohol and methyl alcohol ingested in the same way appear 
only in traces in the breath. In one experiment he found isopropyl 
alcohol also excreted by the lungs in considerable quantity. Pohl 
seems disposed to consider it a general rule that primary alcohols are 
excreted only in traces by the lungs, while secondary and tertiary 
alcohols are mainly eliminated in this way except in so far as they 
enter into combinations (e.g. with glycuronic acid) and are oxidised in the 
tissues. This view seems to involve the conception that the exhalation 
of these bodies is determined by their capacity for undergoing some 
chemical combinations in the excreting cells rather than by their more 


1 Arch, f. exp. Path. u. Pharm. VIII., p. 100. 1902. 
2 Arch. f. exp. Path. u. Pharm. Schmiedeberg Festschr. p. 427. 1908. 
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obvious physical properties, that is that the pulmonary endothelium 
actually secretes these bodies actively. This would be analogous to 
Bohr’s theory of the interchange of the respiratory gases. 

From this point of view the examination of the process of exhala- 
tion seemed to promise to throw some light on other more complex 
secretory processes, and I have therefore made a number of experiments 
as to the relative amount of some volatile substances eliminated by the 
lungs. It may be stated at once that the results indicate that the 
physical characters alone determine this way of elimination. 

These experiments were performed on cats which were anssthetised 
with large doses of ethyl urethane injected hypodermically. The drugs 
were injected through the jugular vein, and the amount exhaled through 
a tracheal cannula was determined. For this purpose the tracheal 

cannula was attached to a pair of valves, which permitted the free 
inspiration of air while the expired air passed through a collecting tube 
to a small bladder of varnished gold beaters’ skin. From this it passed 
to four small flasks arranged as washbottles in series. The resistance 
offered by these was too great to be overcome by the respiratory muscles 
and the last washbottle was therefore connected with a suction pump 
which was regulated so as to just keep the bladder empty. The 
amount of air breathed was measured by a gasmeter interposed between 
. the washbottles and the suction pump. The respiration remained quite 
normal to all appearance for hours. 

The washbottles contained water generally, but for some experiments 
alcohol was used as a better absorbent for the vapour examined. The 
two washbottles nearest the animal were generally examined together, 
the third and fourth separately; the fourth was merely a*control and was 
never found to contain any organic body. The substances examined fall 
into two groups one with boiling points lying between 56° and 66°, 
acetone (56°), chloroform (62°), and methyl alcohol (66°), the other with 
boiling points lying between 77° and 85°, ethyl acetate (77°), methyl- 
ethyl-ketone (78°), ethyl alcohol (78°), isopropyl alcohol (81°3°) and 
ethylene chloride (85°). Some difficulty was found in the quantitative 
estimation of the small amounts of these bodies exhaled. In every case 
preliminary estimations were made to test the adequacy of the methods 
employed, but it is unnecessary to record the results here. 

Acetone. The elimination of acetone in the breath is a familiar 
clinical observation, but Schwarz? first showed how large a part it 
plays in the excretion of this substance. He further noted that its 
Arch. f. exp. Path. u. Pharm. xu. p. 168. 1898. 
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elimination was comparatively slow when large quantities were injected ; 
when 0°8 g. per kg. was injected it disappeared from the breath only 
in 24 hours, and after 1°7 g. per kg. the elimination ended only after 
42 hours. I estimated acetone in the usual way, by adding a tenth- 
normal iodine solution and potash and titrating the excess of iodine 
with sodium thiosulphate. 

Exp. 1. A cat of 2 kg. weight received 1:6 g. acetone intravenously and exhaled in the 


first hour 0-0741 g., in the second hour 0-0691 g., and in the third hour 0-071g. Total 
in 8 hours 02142 g. 


Exp. 2. A cat of 2°35 kg. weight received 0-8 g. acetone intravenously and exhaled in 
the next 84 minutes 15-5 mg., in the next 40 minutes 17°85 mg., in the next 50 minutes 
16°4 mg., and in the following hour 18-6 mg. Total exhaled in 3 hours=68°3 mg., 
50 C. o. of blood was drawn at the end of the experiment from the carotid, was diluted and 
acidulated, filtered and distilled with steam. The distillate redistilled contained 5-13 mg. 
of acetone giving 10°8 mg. in each 100c.c. of blood at the end of the experiment. 

Exp. 3. A cat of 4°72 kg. weight received 0-16 mg. acetone intravenously and exhaled 
in the next 14 hours 7:3 mg. acetone. 


Acetone thus appears in the breath even when comparatively small 
quantities (0°0849 per kg.) are injected, and larger amounts are elimin- 
ated in correspondingly larger measure. The exhalation proceeds very 
slowly however, only 8°5 % of that injected being eliminated in three 
hours when 0034 g. per kg. was injected and 14% in the same time when 
0˙8 g. per kg. was injected. The percentage of that injected which is 
excreted in a given time thus rises with the dose. 

Chloroform. It is of course common knowledge that chloroform is 
eliminated mainly by the lungs, and since my experiments were begun 
the proportion thus got rid of when the drug is injected intravenously 
has been determined for the rabbit by Burkhardt’. He states that 
over 90 per cent.“ of the chloroform injected intravenously in the rabbit 
is excreted during the anesthesia, in his experiments within 38—45 
minutes of the beginning of the injection. In my experiments on cats 
the proportion of the total exhaled was lower than that given by 
Burkhardt, but apart from this the results are the same, and it is 
sufficient to give one experiment. The expired air passed through 
washbottles containing alcohol, and the chloroform was estimated by 
heating the alcohol with an alcoholic solution of soda in a flask with 
reflux condenser, evaporating off the alcohol and determining the 
chloride by Volhard’s method. The intravenous injection of chloroform 


1 Arch. f. exp. Path. u. Pharm. uxt. p. 323. 1909. 
2 There seems to be an arithmetical error in his calculation that 99°8—99°9 per cent. is 
exhaled during the narcosis. 
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in salt solution was attended with difficulty owing to the repeated 
failure of the heart and respiration, and the elimination was of course 
delayed from this cause. 


Exp. 4. A cat of 8°6kg. weight received 0°82'g. chloroform in 40 0.0. saline in 
15 minutes. The drug exhaled was collected from the beginning of the injection. 


30—60 ” ” ” „ 546 „ 
60—90 ” ” ” ” 450 „ 
90—120_,, ” ” ” 
120—150 55 ” ” ” 12˙5 ” 
150—180 „ ” „ „ tO „ 
180—210 ” ” ” ” 4 * 
Total =0-281 L 


In this experiment nearly 90 per cent. of the chloroform injected was 
exhaled and a large proportion came off immediately after the injection 
was made, although both circulation and respiration were much de- 
pressed. A certain amount remained in the tissues even after three 
hours, The large proportion exhaled immediately forms a contrast 
with the results under acetone, which is not eliminated so rapidly in 
the beginning, and therefore decreases much more slowly in the expired 
air. Yet the heart and respiration are much weakened in the earlier 
stages after chloroform, while no such effects were observed under 
acetone, The contrast between the two drugs is brought out more 
clearly when both are injected together and each is estimated separately 
in the expired air. For this purpose the air was drawn through three 
bottles containing water and then through two containing alcohol. 
The acetone was retained in the water, only traces reaching the third 
bottle, while the chloroform was found for the most part in the alcohol, 
though some remained in the water. 


Exp. 5. A cat of 2-5 kg. weight received 0-225 g. chloroform along with 05 g. 
acetone in 50 c.c. saline in the course of twenty minutes. The respiration failed, but was 
a The air expired was examined from the beginning of 


—— exhaled Acetone exhaled 

1—30 101 
30—60 44 5°83 
60—90 19°5 47 
90—120 22 8°6 
120—150 14 3˙5 
180—240 5(?) 7 


Total in 4 hours 211 83-6 
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The animal was bled from the carotid, and the blood was precipitated with mercury 
perehloride, filtered, washed and distilled at reduced pressure. The distillate was tested 
for chloroform with negative results, but contained acetone equivalent to 4-3 mg. per 
100 ¢.¢. of blood. 

In this experiment much less acetone was exhaled than chloroform, 
though the latter was injected in smaller amount and also has a higher 
boiling point. The great mass of chloroform came off almost immediately, 
and, as the concentration in the blood was thus reduced, the elimination 
fell rapidly to less than half the maximal and then more slowly. The 
acetone on the other hand was exhaled more slowly at first, but fell 
more slowly, so that when the experiment closed it was being eliminated 
in larger amounts than the chloroform. The blood at the end of the 
experiment contained considerable amounts of acetone, while no chloro- 
form could be obtained from it. But the whole of the chloroform had 
not been exhaled, and it is probable that it may have been in 
combination in the tissues from which it is only slowly given up to the 
blood. 

Methyl alcohol was found to be exhaled only in traces by Pohl in 
an experiment in which be injected it intravenously. In my experi- 
ments the methyl alcohol in the expired air was collected in water and 
estimated by the method introduced by Atwater and Benedict for 
ethyl alcohol. 


Exp. 6. A cat of 2-3 kg. weight received 1°85 g. of methyl alcobol in saline solution 
injected intravenously and exhaled 18 mg. in 45 minutes. It was then bled, and 30 0. e. 
of the blood was put in the evaporating tube described later, and about 380 litres warmed 
air was drawn through it. This carried out with it 14 mg. of methyl alcohol.- 

Exp. 7. A cat of 1°8 kg. weight breathed through the apparatus for an hour before 
any injection was made. The washwater through which the expired air passed was 
distilled at reduced pressure and contained no reducing substance whatever. 0°16g. of 
methyl aleohol was then injected intravenously, and the exhalation was collected for two 
hours. GGG less than that from 1 mg. 
of methyl aleohol. 


Methyl alcohol is therefore exhaled only in traces unless when very 
large quantities are injected. This is not due to its being eliminated 
in other ways, for it was present in the blood in some quantity at the 
end of Exp. 6, and Poh!’ has shown that it persists in the tissues for at 
least 3—4 days. 

Ethyl acetate was taken as a type of the esters with low boiling 
point. It was collected in water, which was distilled at reduced 
pressure. The distillate was rendered exactly neutral to phenolphthalein 


1 Arch. f. exp. Path. u. Pharm. XXI. p. 281. 1893. 
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when necessary, and then a known quantity of NaHo J was added and 
the ester saponified by heating it for several hors 1 5 a reflux 


condenser. It was then titrated back with n,80, N. {00° and the ethyl 
acetate was calculated from the amount of sodium acetate formed. 


Exp. 8. A cat of 8°9 kg. weight was injected with 0°27 g. ethyl acetate dissolved in 
saline solution. The exhalation was collected for 40 mins. and contained merely a trace 
of ethyl acetate. The blood also contained a trace. 

Exp. 9. Acatof 2 kg. weight received 0-9 g. ethyl acetate. The expired air was passed 
through water for an hour and was found to contain 9°5 mg. ethyl acetate. 09g. was 
now injected, but the respiration failed and could not be re-established. The blood was 
collected, precipitated with alcohol and filtered. The filtrate distilled contained ethyl 
acetate in quantities corresponding to 22 mg. in 100 0. o. blood. 


Ethyl acetate is thus exhaled only in traces, and this may be due to 
its rapid disappearance from the blood, for in the second experiment the 
blood drawn immediately after the injection contained comparatively 
little of the ester. 

Methyl-ethyl ketone. Schwarz found that this ketone undergoes 
oxidation in the tissues much more rapidly than acetone, only about 
30°/, escaping unchanged when 0-4 g. was given per kg. It was 
collected in water in my experiments and was estimated in the same 
way as acetone. 


Exp. 10. A cat weighing 3 kg. received 0°16g. in salt solution intravenously, and 
there was exhaled in 14 hrs. 9-1 mg. 

Exp. 11. A cat weighing 2°7 kg. was injected with 0°25 g. and 12 mg. were collected 
from the expired air in 2 hours. 

Ethyl alcohol was examined in only one experiment, as it has been 
satisfactorily established that only traces escape in the breath. For 
example, Atwater and Benedict! found that only 2 per cent. of the 
alcohol ingested escaped oxidation when as much as 70 g. were taken 
by men, and Bod länder“ states that of 20—30 C. c. of alcohol given to 
dogs only 2% escapes by the lungs. In my experiment the alcohol was 
collected in water and estimated by Atwater and Benedict’s method. 


Exp. 12. A cat of 2°6 kg. received 0°18 f. ethyl alcohol in saline solution. Only 


an hour. 


Isopropyl alcohol is stated by Pohl to be exhaled in considerable 
amount by the lungs. In the one experiment given by him, 


Memoirs of National Acad. of Sci. Washington vm. 1902. 
Arch. d. ges. Physiol. XXIII. p. 898, 1888. 
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0044 g. was injected into a dog of 6°9 kg. in 20 cc. saline. In the 
first hour thereafter 8°6 mg. were exhaled, in the second 12°6 mg. and 
later 11°75 mg., making in all 33 mg. or about 75% of that injected. In 
my experiments, the isopropyl alcohol was injected dissolved in saline 
and the exhalation was collected in water. The isopropyl alcohol 
contained in it was estimated by Pohl's method, by oxidising it to 
acetone by potassium bichromate and sulphuric acid and distilling over 
the acetone which was estimated in the usual way. In some experi- 
ments this method was controlled by the use of Atwater and Benedict's 
and also by Nicloux’ method, and all three gave concordant results, 


Exp. 13. A cat of 1-9 kg. weight received 2°75g. isopropyl alcohol in saline intra- 
venously. The respiration ceased but returned on kneading the thorax. In 45 minutes, 
the amount exhaled was 11 mg.; in the next 50 minutes, again 11 mg. and in two hours 
longer 17 mg. Total exhaled in 34 hours 39 mg. or 1-4 per cent. of that injected. 

Exp. 14. A cat of 2°4 kg. weight was injected with 1°8g. isopropyl aleohol intra- 
venously. The respiration had to be restored by kneading and remained rather slow 
throughout the experiment. In 45 minutes the amount collected in the water was 9°5 mg. 
The animal was now bled, and 30 c. c. of the blood were placed in the evaporating tubes to 
be described later and thirty litres of air were led through it. The water through which 
the air passed from the evaporating tubes contained 7:5 mg. isopropyl alcohol. 

Exp. 15. A cat of 1-5 kg. weight received 0:1575g. isopropyl aleohol intravenously. 
The exhalation was collected for two hours, but only a trace of isopropylic aleohol was 
found. 


In my experiments isopropylic alcohol was only exhaled to about the 
same extent as methyl and ethyl alcohol, and in several performed with 
about the same dose as in Exp. 15; only a trace could be recovered, in 
fact the water contained only a trace of reducing substance of any kind. 
This dose represents over three times the amount used by Pohl, and I 
am quite unable to suggest any explanation of the divergence between 
our results. It is true that his experiment was done on a dog, while 
I have used cats exclusively. The isopropyl alcohol I used was supplied 
by Merck and was redistilled before use. 

Ethylene chloride is known to be exhaled by the lungs, and was in 
fact investigated as a substitute for chloroform by Simpson, Snow and 
Nunneley and warmly recommended by the last. In my experiments 
it was collected in alcohol, and estimated by heating with alcoholic soda 
under a reflux condenser, evaporating off the alcohol and titrating the 
chlorides by Volhard’s method. 


Exp. 16. A cat of 2°5 kg. weight received 0-188 g. of ethylene chloride dissolved in 
dilute alcohol. The injection caused failure of the heart and respiration, which were 
restored with some difficulty. In the course of an hour after the injection there was 
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exhaled 0-0801 g. The animal was then bled and the blood precipitated with much 
alcohol. The alcoholic fluid was distilled and examined for ethylene chloride with negative 
results, 

Exp. 17. A oat of 2°5 kg. weight received 0°25 g. ethylene chloride in alcohol and 
exhaled 0-089 g. in the course of 30 minutes. 


TABLE I. 
Small doses Large doses 
Exhaled fnjected Nrhaled Time Bolling coefficient 
Drug in mgs. in gs. inmgs. in mins. point ofl water 
Acetone 0°16 73 90 0-8 68°3 180 SO 112 
— * 16 2142 180 — — 
Chloroform 0-27 81˙0 20 0-32 2810 210 62 1 
Methyl alcohol O16 trace 120 1°85 18 4 66 1 :68 
Ethyl acetate 0°27 trace 40 0-9 9°5 60 77° +18: 1 
Methyl-ethyl ketone 0°16 91 90 — — — 78° 2˙3: 1 
0°25 12 120 — — 
Ethyl alcohol 0-18 trace 60 — one — 78° 
Isopropyl alcohol 01575 trace 120 2°75 210 1 2˙8 
— — — 18 9°5 45 — — 


In Table I, I have summarised the results of these experiments, 
dividing them into those in which the dose was from 0°15 to 0°3 g. and 
those in which it was larger. It is obvious that the drugs examined fall 
into three classes in regard to their exhalation by the lungs, chloroform 
and ethylene chloride being exhaled in much the largest amount, 
acetone and methyl-ethyl ketone to a less extent, and the alcohols and 
ethyl acetate in very small quantities comparatively. All appear in the 
breath when large doses are injected but in very different ratios. The 
volatility as measured by the boiling point is obviously of minor 
importance in determining this method of elimination, for ethylene 
chloride boiling at 85° is exhaled in larger amounts than any of the 
others except chloroform. 

The absence of the alcohols from the expired air is not to be 
explained by their being eliminated by other channels or to their 
destruction in the tissues, for considerable quantities could be obtained 
from the blood, while little or none was being exhaled. 

In order to appear in the expired air, the constituents must first be 
capable of entering the cells lining the air passages and it occurred to 
me that the same principle might hold here as has been suggested by 
Meyer and Overton for the nerve cells—the solubility in lipoids as 
compared with that in water. This seems the more plausible in that 
the anssthetics, chloroform and ethylene chloride, are exhaled in largest 
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amounts. The partition coefficients between olive oil and water were 
therefore taken and a fair agreement appears between the rate of 
exhalation and the coefficient except in the case of acetone (see Table I 
last column) which is taken up by olive oil to a much less extent than 
the alcohols while it is exhaled much more readily. This exception 
however is sufficient to throw doubt on the view that the exhalation is 
governed by the relation which appears to determine the permeation 
into the nerve cells. : 

This view was definitely negatived by experiments in which the rate 
of evaporation of these bodies from water was examined. For this 
purpose a glass tube 125 cm. in length and bent on itself twice was 
filled wth glass beads and attached to the collecting bottles used in the 
animal experiments. 100 c.c. of water containing the drug to be examined 
were poured into this evaporating tube which was then sunk in a large 
bath of water kept at a temperature of 38—39°. The other end of the 
evaporating tube was attached to a long rubber tube which was also 
sunk in the bath in order that the air drawn through the apparatus 
might be warmed before it reached the liquid. After the whole had 
stood for some time so as to take the temperature of the bath, 30 litres 
of air were drawn through slowly, and bubbled through the solution 
and then through the collecting flasks. The substances eva in 
this way appeared in quantities similar to those obtained in the 
experiments on animals (Table IT). 


TABLE II. 
Percentage Amount evaporated 
in gs. in mgs. 
Acetone 0-08 64°7 
Methyl alcohol 0-08 14 
1-00 190 
Ethyl alcohol 0-08 8°5 
0-1 9 
1-00 108 
Isopropyl alcohol 0°08 18 
0˙1 19 
1-00 194 
Chloroform 0-12 115 


Much larger quantities of acetone evaporated from water than of the 
alcohols, and these three are fairly equal in value though isopropyl 
alcohol is slightly more readily vaporised than methyl alcohol, and this 
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again rather more readily than ethyl alcohol. Practically the whole of 
the chloroform passed over in the air. 

The analogy between the exhalation and evaporation from water at 
body temperature is especially striking in an experiment in evaporation 
in which 0°2 g. acetone was used along with 0°25 g. chloroform in 
50 C. of water and the two components were estimated in the same 
way as in Exp. 5 (p. 20). The experiment was divided into four 
stages in each of which 2°5 litres of air were drawn through the tube and 
the vapour of each of which was analysed separately. 


First 


Second 2°5 ” ” ” ” 10 ” 

Third 2-5 ” ” — ” ” 18 ” 

Fourth 2°5 ” ” 6-5 ” ” 17 ” 
Total 216°5 58 


These results bear a close resemblance to those obtained in Exp. 5. 
The increase in both the chloroform and the acetone shown in the third 
period may have arisen from the vemperature of the bath being 
higher. 

Another experiment in which chloroform and acetone were evaporated 
from blood gave similar results. 

These results from the evaporation of volatile substances from water 
show such a close analogy with those obtained from the examination of 
the exhalation from the lungs in animals, that it seems unnecessary to 
assume any other factor in the latter than the purely physical one. 
And my experiments lend no support to the view that the pulmonary 
cells exercise any selection of these substances, or in fact play any réle 
except a purely passive one in exhalation. 

The composition of the vapour from a mixture of two volatile fluids 
depends on several factors, which have been only partially investigated’. 
When the fluids are quite immiscible the composition of the distillate is 
independent of the proportions of the original components as each is 
volatilised independently. And the more nearly they approach this con- 
dition, the less does the distillate resemble the fluid. In exhalation from 
the lungs the vapour arises from a mixture of water and the substance 
injected, and the less soluble the latter is in the plasma, the more may 
the composition of the exhalation depart from that circulating through 
the lungs, Thus though the water exhaled is a small fraction of that in 
the blood, the chloroform exhaled may form a much larger fraction of 


1 See Young’s Fractional Distillation, London, 1903. 
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that in the circulation, since chloroform may be taken as almost im- 
miscible with water. When the two fluids are miscible, the principles 
determining the composition of the vapour are more obscure, but 
apparently thes arising from a mixture of two nearly related chemical 
substances' depends more upon the composition of the original fluid than 
that arising from less closely analogous substances ; thus the concen- 
tration of the vapour from dilute methyl alcohol appears to be 
determined entirely by the degree of dilution. Thus the proportion of 
methyl alcohol to water vapour in the breath can scarcely rise above the 
relative proportion in which they occur in the blood, and the amount of 
water of the blood which is exhaled being limited, a correspondingly 
small fraction of the methyl alcohol in the body finds this way of escape. 
The same holds true for ethyl and the other lower alcohols, while the 
higher members become less closely analogous in composition to water 
and at the same time less miscible with it and may therefore be exhaled 
in this way. Acetone while completely miscible with water is not so 
nearly related in constitution and its evaporation and exhalation are 
thus less dependent on its concentration in the blood. This is also 
true of the ketones, which at the same time are less soluble in water. 

The failure of ammonia to be exhaled from the blood does not seem 
analogous to that of the retention of alcohols, and may be due to the 
endothelium being impermeable by it as Magnus suggests, or perhaps 
to its forming actual combinations with the proteins. 


SUMMARY. 


1. The exhalation of volatile substances from the lungs is exactly 
analogous to their evaporation from solutions in water, and the pulmonary 
cells seem to be purely passive in the process. 

2. The amount of any substance which is eliminated by exhalation 
is dependent not so much on its volatility as. measured by the boiling 
point as on its miscibility with water and its chemical affinity with 
water. The less the solubility and the more distant the affinity, the 
larger the amount exhaled. 


1 In the case of the alcohols at any rate, the water actually forms a loose combination 
as is shown by the heat evolved on mixing them. 
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FLEXION-REFLEX OF THE LIMB, CROSSED EXTEN- 
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(From the Physiological Laboratory, University of Liverpool.) 
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Section I. THE OF THE Lime. 


(i) In the spinal cat and dog as in the spinal frog the reflex 
movement of the limb most readily evoked by stimulation of the skin 
of the limb or of its afferent nerves is flexion, This reflex may be 
termed the “flexion-reflex of the limb.” In the hind-limb the flexion is 
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of hip, knee, and ankle, in the fore-limb of elbow, shoulder, and 
wrist’. 

This reflex is obtained from the decerebrate preparation as regularly 
as from the spinal. By the decerebrate preparation is understood one in 
which the whole brain in front of the posterior colliculi has been 
removed. The decerebrate preparation offers in some respects a better 
field for the examination of the reflex than does the spinal preparation. 
For that reason the reflex as obtained in the decerebrate preparation 
will be described first. 

(ii) It was sought to ascertain at outset which of the several 
muscles of the limb are actually employed in the execution of this reflex. 
The sample reflex taken for examination was excited from one particular 
afferent nerve only, namely from the cutaneous branch of the musculo- 
cutaneous division of n. peroneus, at a point close above the annular 
ligament of the ankle (cat, dog). There the nerve was severed, tied, 
and its central stump faradised or stimulated mechanically by tighten- 
ing on it a thread previously looped loosely. The experiments showed 
that, elicited in this way, the reflex brings into contraction certain only 
of the muscles of the limb. However intense the stimulation the 
distribution of this reflex effect did not spread in the limb musculature 
beyond those particular muscles. The muscles which the reflex causes 
to contract are the following: 


TABLE I. 
Tlio-psoas. Semitendinosus. 
Pectineus (slight Posterior part of biceps femoris. 
Sartorius, (?) the part insected into patella. Tenuissimus. 
Tensor fascis femoris (weak). Tibialis anticus. 
Rectus femoris. Peroneus longus. 
Gracilis. Extensor longus digitorum. 


The extensor brevis digitorum contracts very slightly if at all. 


When the reflex is elicited in the decapitate“ preparation the same 
muscles contract and only those. In neither preparation does increase 
of the stimulus make the reflex contraction spread to limb muscles 
additional to the above. The threshold of stimulus for the reflex is 


1 Sherrington. Integrative Action of the Nervous System, p. 28. London and New 
York, 1906. 
Of. Sherrington. This Journal, xxxvim. p. 875. 1909. 
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Thus: faradisation of central end of cutaneous branch of musculo-cutaneous division 
of n. peroneus; Berne inductorium, interruptor in primary cirouit vibrating 30 p. s. 
resistance box of 100,000 ohms in secondary circuit. 


tensor fasc. fem. longus. 

» 10 ” * ” ” 

„ 10 ” ” ” ” semitendinosus. 

„ ” ” psoas magnus. 

very strong in tibialis anticns and semitendinosus 
in fase. fain. and psoas, but no contraction in semi- 
membranosus or gluteus maximus. 

At 196 Kronecker units contraction as before. 

„ 000 „ 


Again: of central end of internis saphonus half-way up thigh. 
At 15 Kronecker units contraction just obvious in gracilis. 


in tensor fascim femoris. 

„ 20 psoas magnus pectineus, semi - 

At 50 Kronecker units contraction strong in all the above muscles, 

„150 „ very strong in all the above muscles, but no trace 


of contrantion in or anterior part of bleeps or gluteus 

At 5000 Kronecker units contraction same result as with 150 units. 

In these observations the muscles stated as contracting or not contracting are merely 
those definitely prepared for observation in the particular experiment, the other limb 
muscles being paralysed by nerve-section or actually excised. The observations do not 
mean that other muscles than those specifically mentioned would not have been excited 
had the observations extended to them. The question of spread of reflex was tested in 
these observations simply on the muscles mentioned as a sample of the musculature. 
But a number of such experiments were made; those quoted instance the kind of result 
always reached. 


The above list (Table I) embraces all the muscles which contract but 
the reflex effect is not restricted to contraction. In certain other muscles 
the reflex result is relaxation of contraction. To detect this it is 
necessary to observe the muscle at a time when some degree of contraction 
is already at work for the inhibitory influence to show upon. A back- 
ground of contraction against which the inhibitory relaxation can show 
up is generally absent in the decapitated preparation. In my ex- 
perience the best chance of it is offered during the first forty minutes 
after decapitation. A background can however easily be produced at 
any time by faradisation of an afferent nerve of the opposite fellow 
limb. This evokes reflex contraction in the required muscles and this 
reflex contraction is readily seen to be inhibited! by stimulation of the 
ipsilateral musculo-cutaneous nerve. 


The necessary background of contraction is more conveniently 
1 Of. Fig. 8, Roy. Soc. Proc. uxxvt. B, p. 277. 1905. 
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obtained by simply using the decerebrate preparation not the decapitate. 
On decerebration there ensues a tonic rigidity’ of the limb muscles. 
Each relaxation of them is then easily seen and felt or recorded graphi- 
cally*. Another way, presenting certain advantages is to obtain a rebound 
contraction (v. infra, Sect. II. ii. p. 69) and then to reapply the original 
stimulus during the rebound contraction; the contraction is then seen 
to immediately relax under the reflex inhibition. In the flexion-reflex 
the muscles thus observed to relax are as follows. 


TABLE II. 
Vastus lateralis. Posterior part of biceps femoris. 
Vastus medialis. Flexor longus digitorum (?). 
Crureus. Quadratus femoris. 
Gastrocnemius. Adductor minor. 
Soleus. Adductor magnus (a part). 
Semimembranosus (both parts). 


These muscles are the same as those observed by the other method 
to relax in the decapitate preparation. The muscles which contract 
and the muscles which relax are therefore the same in the decerebrate 
as in the decapitate preparation. 

Increase of intensity of the stimulus does not change the inhibitory 
result; it merely accentuates the sharpness and extent of the re- 
laxation; it does not cause the inhibitory effect to spread to other 
muscles in the limb than those mentioned above. The limits of the 
field of inhibition in the musculature of the limb seem as fixed as are 
those of the field of excitation. 

Those limb-muscles which the reflex excites and those which it 
inhibits if put together are seen not to cover all the items of muscula- 
ture of the limb. Some of the muscles, the reflex does not so far as 
I have seen affect at all. Among these are, gluteus medius, gluteus 
maximus, gluteus quartus, peroneus brevis, peroneus tertius, and 
tibialis posticus. However intense the stimulus its reflex effect does not 
appear to reach the moto-neurons of these muscles. 

(iii) The reflex as thus elicited from this cutaneous nerve of the 
dorsum of the foot is typical of the reflex elicitable, by stimuli of like 
quality, from the limb generally. It can be evoked from the skin as 
well as from the cutaneous nerve itself, and in the former case has the 
same features as in the latter. 


u Sherrington. This Journal, XXI. p. 319. 1898. Also Roy. Soc, Proc. ux. 1906. 
Ot. Fig. 1 u, Roy. Soc. Proc. uxxvi. B, p. 278. 
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The term “ receptive field’” may be conveniently applied to designate 
the total assemblage of receptive points whence by suitable stimuli 
a particular reflex movement can be evoked. Thus the scratch reflex 
of the hind-limb of the spinal dog can be evoked from series of points 
in a saddle-shaped area of skin of the shoulder back and loin“. The 
collective area of distribution of these points constitutes the receptive 
field of the scratch reflex. For the flexion-reflex of the hind-limb the 
receptive field includes the skin of the whole limb as far up as the groin 
in front, the perineum medially and the ischial region behind. The 
stimuli best effective for the reflex are of mechanical, especially if 
nocuous, quality and electrical, eg. faradic. In working over the field with 
mechanical stimuli an impression is received that the reflex is provoked 
more readily from the foot than elsewhere. Electric stimuli are more 
easily measurable in intensity and these substantiate the impression 
given by the mechanical. For electrical stimulation I used a small 
silver entomological pin as stigmatic electrode inserted about 2 mm. into 
the skin, the diffuse electrode being a wide copper plate bandaged to the 
shaven and well-moistened skin of one of the fore-limbs. A resistance 
box of 100,000 ohms was placed in the secondary circuit to minimise 
differences in conductivity of the skin, ete. The observations show that 
from the skin of the distal end of the foot, the digits and the plantar 
cushion the reflex is provoked by weaker faradisation than from the 
skin higher up the limb. The surface of the foot on the whole excites 
the reflex more easily than the limb surface elsewhere. , 


Illustrative instances from the spinal dog after thoracic transection are the following: 
Intensity of stimulus in units of the Berne coil 


Situation of electrode p. Exp. fi ili 
Outermost toe-pad 20 80 2 
Innermost „ 25 30 80 
Plantar cushion .. 25 30 70 
Between toe- pads and cushion 150 175 275 
Outer malleolus .. 220 800 1000 
Close below patella 400 600 750 
Half-way up front of thigh 400 600 1000 

skin 3 600 800 1000 
„ 1500 1500 1600 


The receptive field of the skin for this reflex has so to say its focus 

at the free apex of the limb. This fact is of assistance in attempting 
Sherringt I Action 

BE cos. ee ntegrative of the Nervous System, p. 126. London and 


* Sherrington. Proc. Physiol. Soc. p. xvii, 1904 Journal, „ and xxxrv. 
p. 1. 1906. Of. also Graham Brown, Quart. Journ. 1909. 
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to decipher the functional significance of the reflex. In that connection 
it will be referred to later. (Sect. IV. p. 71.) 

From all parts of this receptive field the reflex movement as 
evoked by the above-mentioned stimuli presents characters so closely 
similar that the observer at once recognises that it constitutes a single 
“type-reflex'.” That is, the individual reflexes produced from the 
several points of the field are all examples of one reflex which is broadly 
speaking the same from whatever point of the field it be provoked. This 
uniformity of the reflex movement excited from the various skin-points 
of the limb barmonises with the results of observations on the distribu- 
tion of the reflex effect on the limb musculature when the reflex is 
elicited from the several cutaneous nerves of the limb. The results of 
these observations are as follows (Table III). 


In this Table the reflex effect of the afferent nerve on any particular muscle is 
indicated where the abscissa-column belonging to that nerve crosses the ordinate-column 
belonging to that muscle. The sign + signifies that the muscle contracted; the sign 
that the reflex effect was relaxation of the muscle; the sign 0 means that no reaction of 
the muscle was discovered though searched for; the ease of detecting contraction is 
greater than that of detecting inhibition, so that O may sometimes stand where should 
stand. The leaving of the place in, the Table blank, i.e. without any sign at all, signifies 
that either no observation was made or the observations made failed to get clear evidence. 
The sign + means that in some experiments contraction was seen and in some none; the 


sign + means that sometimes contraction was observed sometimes relaxation. 


The results of the observations confirm the inference drawn by 
inspection from the actual skin-reflexes, namely that whatever the 
cutaneous nerve-trunk stimulated in the limb the reflex effect is 
broadly the same in its distribution in the limb musculature. Though 
broadly the same the Table III also shows that it is not fully the same 
when nerve by nerve the whole series of afferent trunks are examined ; 
differences in detail appear but are small; the general effect throughout 
is excitation of the motoneurones of flexors and inhibition of the moto- 
neurones of extensors, 

That is the effect as regards the skin and the skin-nerves of the 
limb proper. But Table III shows that other cutaneous nerves near to 
but not actually within the limb proper yield reflexes of other type. 
Where the limb surface abuts on regions inguinal, perineal and gluteal its 
afferent nerves tend to evoke reflex extension instead of limb-flexion. 
Nos. 10, 11 and 13 of the Table exemplify this. Their reflexes do not 
come within the great flexion-reflex of the limb. 


Integrative Action of the Nervous System, p. 127. 
PH. XL. 3 
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TABLE III. 
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+ 
+ 
0 
+ 
0 
+ + + + 
+ 
0 
0 
+ 
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Name of muscle 7 
Psoas magnus (iliopsoas) . 
1 Gluteus maximus anterior 
” „ posterior 
Tensor faseim femoris ... 
Gluteus medius 255 
Gluteus minimus 
: Vastus lateralis hi | 
„ medialis * 
Pectineus 
Adductor minor 
” magnus (part) bes 
Semimembranosus 
Biceps femoris anterior 
” ” posterior... 
Tenuissimus 
Quadratus femoris 5 
i Tibialis anticus ... sis 
Extensor longus digitor ... 
Peroneus longus 2 
” brevis oes 
Gastrocnemius ... | 
1 Tibialis posticus 
Flexor digitorum perforans 
4 Extensor brevis digitorum * 
2 
2 
i 
3 
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The uniformity of the reflex effect of the various afferents of the 
limb extends beyond the category of the skin-afferents. It pertains to 
the deep afferents likewise. The accompanying Table IV summarises 
observations on the distribution of the reflex effect evoked from the 
limb’s deep afferent nerves severally. 

From Table IV it is clear that the reflex effect in its distribution in 
the limb musculature is broadly the same for all the deep afferents 
examined, Also that the reflex effect of these afferents is practically 
the same as that of the skin-afferents and the skin itself. The re- 
ceptive field of the flexion-reflex of the limb is therefore not merely an 


area of surface, a skin-field, but is musculo-articular as well and includes 
the whole thickness of the limb as well as its surface. In this respect 


the receptive field of the flexion-reflex differs fundamentally from a 
receptive field such as that of the scratch-reflex which is wholly 
cutaneous. 

It is not surprising therefore to find (Table V) that when the 
various large afferent nerve-trunks of the limb are themselves examined 
in regard to the reflex effect they each evoke, the effect found for 
all of them is flexion, and that the reflex given by each of them is 
practically the same. In these large nerve-trunks the afferent fibres 
are of course mixed in origin, cutaneous, fascial, muscular, articular, eto. 
Yet when the mingled collection of each trunk is thus stimulated the 
reflex result is regular and harmonious; it is always in fact the flexion- 
reflex. 

(iv) This makes clear how it is that when the afferent spinal roots 


themselves are stimulated each root of the whole series belonging to the 


limb evokes in the limb simply the same reflex movement; and how it 
is that that movement is flexion. | 
Table VI shows that whichever of the roots is stimulated the 


movement obtained in the limb is flexion at its larger joints. Flexion 
of ankle is less marked with the more anterior of the roots of the 


series and flexion at hip less marked with the most posterior but a 
general flexion of the limb is the reflex result from each root. The 


- heterogeneity of the afferent fibre constitution of each of these large 
roots is very great. The uniform result which they regularly produce 


limb. 


in their reflex effect becomes however intelligible in light of the flexion- 
reflex being practically the one reflex obtained by direct stimulation 
(mechanical and electrical) of each and all the afferent: nerves of the 


3—2 


* 
a 
5 
; 
‘ 
‘ 
2 ‘A 
a 
— 
* 
é 
=] 
‘ 
4 
* 
* 
* 
‘ 
i 


C. S. SHERRINGTON. 


TABLE IV. 


. 0 0 0 

+ +. 

„* + 
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* means contraction observed was quite weak. 
* afferent nerve was a twig to anterior biceps femoris. 


— 


8 2 2 


: 2 
—„— ; 
Name of muscle 
Psoas magnus 8 
Sartorius 
Gluteus maximus 
ant. portion | 
Gluteus maximus 
7 post. portion 
Gluteus medius 
Gluteus minimus 
Rectus femoris 
Vastus lateralis 
Vastus medialis 
Crureus 
| Pectineus 
rt 
late late 
Tibialis anticus TT TTT 
Extensor longus ‘ 
4 Gastrocnemius 
Soleus 
E 3 3 3 7 
12 BS 212 33 
2 Z 8 
DL 


ours 
— b> rei ree +00 1 | © gnouosed jo 5 
JO 


Name of muscle 
Gluteus max. ant. part 

” „ post. part 
Tensor fascis femoris long. 
” ” ” brevis 
Gluteus medius ... 
Rectus femoris 
Vastus lateralis 
Adductor minor ... 
Adductor magnus ‘ 
a Biceps femoris ant, part N 
„ post. part 
Tibialis anticus ... 
Extensor longus digitor ... | 
Tenuissimus 
Quadratus femoris 
Peroneus longus is q 
brevis 
tertius ... 7 
Gastrocnemius ... 
Soleus ... 
Flexor longus digitorum ... 
Extensor brevis digitorum 7 
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TABLE VI’. 


Cat: bulbar transection; movements of limb provoked by exciting the separate 


IX post- thoracie root Flexion of right knee. 
“en. ” ” ” knee, hip and ankle. 

VII knee, hip and ankle. 
” VI ” ” ” oF knee, hip and ankle. 
” „ knee and hip. 

IV * 95 hip and knee. 

” III ” hip. 
Monkey (Macacus rhesus): bulbar transection. | 
Right IX post-thoracic root Flexion of right knee (slight). 

” VII ” ” ” ” knee and ankle, 

” VI ” ” 53 5 knee, ankle, hip. 

160 V ” ” 5 ” knee, hip and ankle 
” IV ” ” ” 55 hip, knee and ankle. 
„ hip and knee. 

„ I ” ” ” ” hip. 


(v} Taken together the results listed in the above Tables can be 
summarised in the following condensed statements. 

1. The afferent nerves of the limb—apart from n. lwmboinguinalis 
(genitocrural), n. cutaneus clunis and n. pudendus inferior, which are from 
groin, perineum and buttock rather than from limb proper—all excite 
a limb reflex of the same type characterised by flexion at hip, knee and 
ankle. This reflex may be called the flewion-reflea of the limb, under- 
standing by that a type-reflex, ie. a group of reflexes of almost identical 
form which when concurrent combine in harmonious action on the 
same final common paths’. ; | 

2. Though the individual reflex obtainable from any one of the 
various afferents of the limb always conforms fully to this type-reflex, 
and is a “ flexion-reflex,” it is not of necessity wholly like that produced 
from some among the other afferents of the limb which also provoke 
the flexion-reflex. That is the individual reflexes as provoked from 
nerve to nerve differ one from another to some extent though all 
conform to the type “flexion-reflex.” The differences consist chiefly in 


} Sherrington, Phil. Trans. Roy. Soc. B. 158. As regards monkey and dog cf. also 
Page May, Phil, Trans. Roy. Soc. B. 157. 


* Sherrington. Integrative Action of the Nervous System, p. 114. 
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the reflex contraction excited by one nerve extending less to certain 
muscles of the flexor group than it does when excited from some 
other nerve. The contraction in all cases is limited to the flexor group 
but each afferent does not in all cases cause contraction of the entire 
group, and the muscles omitted are not entirely the same for one nerve 
as for another. Difference in detail of effect are thus detectible 
between different afferent nerves. Thus, semitendinosus contracts more 
powerfully in reflex response to the cutaneous foot nerves than to 
branches of external cutaneous or internal saphenous nerves; tensor 
fasciae femoris contracts little or not at all from the plantar nerves but 
strongly from internal saphenous or external cutaneous. Such differ- 
ences seem to reach their maximum in the divergence between external 
cutaneus and hamstring nerve. The former causes reflex contraction in 
tensor fascie femoris, pectineus, rectus femoris, and gluteus minimus 
and these muscles the latter nerve does not reflexly reach ; and the 
latter nerve causes contraction in tenwissimus and biceps femoris’ pos- 
terior part while the former nerve does not; both however alike cause 
contraction of psoas, sartorius, tibialis anticus and semitendinosus. The 
difference between the segmental origins of n. cutaneus externus and 
hamstring nerve is greater than between almost any other of the limb 
nerves. Similarly skin-points whose nerve-supplies lie segmentally 
distant one from another tend to exhibit flexion-reflexes less closely 

similar than do skin-points segmentally near together. Thus there 
comes to be some accentuation of movement at this joint or that accord- 
ing as the skin-point stimulated lies in this limb-region or that. 
Excitation of outer edge of planta (spinal monkey) causes together with 
the flexion at ankle some eversion of foot; but excitation of inner 
edge of planta gives some inversion of foot along with the ankle flexion. 

3. Apart from these differences in detail the reflex provocable from 
the limb is the same reflex from whatsoever part of the limb it is 
produced (by the stimuli mentioned above). The whole limb therefore 
except for some part of its attached base forms one receptive field 
whence the reflex provocable is the flexion-reflex, and this field is not 
merely skin-deep but includes muscles, joints, fascim, and other deep 
structures of the limb. 

4. In the flexion-reflex the limb muscles excited to contract are 
broadly speaking flexors (v. infr. p. 45). They are so far as observed: 
(Fig. 1). 
= In certain of the limb muscles the reflex produces not contrac- 
tion but relaxation, by central inhibition. These muscles are: (Fig. 1). 
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Fig. 1. Muscles ascertained by direct analysis to be engaged in the flexion-reflex of hind- 


limb (cat). 
A. Lateral aspect of limb; B. Medial aspect. 
Muscles engaged in construction (dotted lines). 


Tibialis anticus N. Pectineus 

Biceps femoris posterior P. Peroneus Jongus 

Extensor brevis digitorum R. Rectus femoris 

Tensor fascie femoris longus, F’ 8. Sartorius, lateral band, & medial band. 
brevis. 

Gracilis T. Semitendinosus 

Psoas magnus I. Psogs parvus 

Extensor longus 


Muscles relaxed by reflex inhibition (interrupted lines). 


Crureus 6. Biceps femoris anterior 
Vastus lateralis 7. Gastrocnemius ext. 7’ int. 
Adductor minor 8. Soleus 

Adductor major (in part) 9. Vastus medialis 
Semimembranosus 0. Quadratus femoris 


(This figure serves also to illustrate the crossed extension-reflex (p. 56). In that reflex 


the muscles marked with numerals contract, and A, B, S, T of the alphabet-group are 
relaxed by inhibition—and none of the alphabet group contract.) 


TABLE VII. 
Psoas parvus. Pectineus. 
Lliopsoas (psoas magnus). Gluteus minimus. 
Tensor fascis femoris longus. Tenuissimus. 
* we „ brevis. Posterior part of biceps femoris. 
Sartorius medial band. tendinosus. 
lateral band (? distal part). Tibialis anticus. 
Rectus femoris. Peroneus longus. 
Gracilis. Extensor longus digitorum. 
Adductor magnus (a small part of). Extensor brevis digitorum. 
TABLE VIII. 
Semimembranosus (both parts). Adductor magnus (in part). 
Biceps femoris (anterior part). Quadrfitus femoris. 
Vastus medialis. Gastrocnemius and plantaris. — 
Crureus. Soleus. 
Vastus lateralis. Adductor minor. 


The muscles which the reflex relaxes by inhibition are broadly 


speaking extensors and (v. infra, p. 57) therefore antagonistic to those 
which it excites. 


* 
Gluteus minimus (a second dotted line . 
— 
. indicates its posterior part). 
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6. It is of interest for study of coordination to note how in this 
reflex the neural taxis deals with the muscles of the limb. For this 
some remarks on the action of the muscles at the limb-joints may be 
prefaced. 


To examine their action in the reflex the following plan has been followed. The 
decerebrate preparation has been supported in the erect posture, i.e. spine horizontal and 
limbs vertical. For this two clamps are fastened one to the spinous process of second 
sacral vertebra the other to the spinous process of seventh cervical. The muscle to be 
examined was left intact but all other muscles of both hind-limbs were paralysed by 
nerve-section. The hind-limb whose movement in result of the muscle’s contraction was 
to be studied was shaved and certain points on it marked with ink or white paint. These 
points were (1) superior angle of the iliac erest, (Y tuberosity of ischium, (8) great 
trochanter, (4) the middle of outer condyle of femur, (5) patella, (6) external malleolus. 
The limb was then placed in the case of muscles contracting in the flexion-reflex either 
in fairly full extension at hip, knee and ankle; or simply hanging down the plantar 
surface of its digits just resting on the table. The opposite hind-limb was 30 
placed as to rest with its foot on the table; the fore-limbs also. In this posture the 
preparation was photographed, a centimeter scale and plumb-line being also included. 
The reflex was then provoked in various strengths by faradisation of an afferent nerve for 
5 sec. Directly the limb assumed a steady pose under the reflex action the preparation was 
again photographed. The photographs thus obtained were compared. The inclination of 
the long axis of femur to a line drawn between the points marked in ilium and ischium is 
used as ilio-ischial femoral angle. The action of the contraction of the muscles which 
are inhibited in the flexion reflex was included in the examination. To throw these 
muscles into reflex contraction the crossed extension reflex (v. infra, p. 56) was em- 
ployed. | 

Psoas parvus: the movement produced in the limb by this muscle is a slight flexion 
of pelvis on the lambo-sacral spinal column. 

Psoas magnus: produces flexion at hip and marked external rotation of thigh. Initial 
position: ilio-ischial femoral angle 96°, femoro-tibial 127°, tibio-tarsal 143°; with weak 
reflex by 40 units Kronecker scale became ilio-ischial femoral angle 85°, femoro-tibial 120°, 
tibiotarsal, 143°; with strong reflex by 70 units K became ilio-ischial femoral angle 80°, 
femoro-tibial 115°, tibio-tarsal 143°. 

Sartorius: in the dog this muscle consists of two distinct bands often separate 
throughont their length by a centimeter’s space. The lateral band runs along the mid- 
front of the thigh to the patella, the median lies along the medial aspect. Separate 
branches of n. femoralis pass to each of these divisions. Cat’s sartorius has these bands 
conjoined, but in the cat the median part and the lateral part are likewise supplied by 
separable nerves, that for median part sometimes coming not from n. femoralis direct 
but from n. saphenus in thigh. In both cat and dog both parts of sartorius contract in 


the flexion-reflex but it is questionable whether the lower part of lateral band does, and 


this part certainly contracts distinctly in the crossed extension reflex. With a fairly 
strong flexion- reflex sartorius reduced ilio-ischial femoral angle from an angle of 112° to 
one of 50°, femoral tibial angle from an initial 140° to an angle of 110°. The tibio-tarsal 
angle it did not obviously alter. The effect of the muscle in the flexion-reflex is there- 
fore to flex hip and knee (ef. Fig. 2). 

Tensor fascia femoris : this muscle consists both in dog and cat of two portions, an 
anterior longer (longus) associated with sartorius at its origin ; a posterior (brevis) which 
at its hinder edge abuts on anterior portion of gluteus maximus. This latter part is very 
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amply developed in the rabbit. In a moderately strong reflex the longus portion, brevis 
having been detached, lessened ilio-ischial femoral angle to an angle of 70° from an 
initial posture of 98°. Brevis flexes the Hip less and somewhat abducts the thigh. 

Semitendinosus: with a fairly strong reflex ilio-ischial femoral angle was seen to be 
increased from an initial posture of 108° to an angle of 118°, the femoro-tibial from an 
initial 110° was reduced to an angle of 65°. With a weak reflex the ilio-ischial femoral 
angle remained not obviously altered from an initial angle of 108°, while the femoro-tibial 
was contracted from an initial opening of 110° to an angle of 75°. With a still weaker 
reflex ilio-ischial angle was altered from an initial 108° to an angle of 105°, femoro-tibial 
angle changing from an initial 110° to an aperture of 70°. The full action may therefore 
be described as flexion at knee and extension at hip (of. Fig. 2); and the muscle slightly 
tilts downward the posterior end of its side of the pel vis. 

Biceps femoris: under this name are included two antagonistic muscles. The nerve 
supply consists of two divisions which accord with the twofold functional action. One 
division innervates the part of the muscle inserted into tibia; this part of the muscle will 
be called here biceps femoris posterior; it flexes knee and extends hip (of. Fig. 2); it is the 
only part of the muscle which the flexion-refiex causes to contract. The other part of the 
muscle is inserted higher than bic. fem. posterior ; it extends the hip; it is inhibited in the 
flexion - reflex, but contracts in the crossed extension reflex; it will be called here biceps 
femoris anterior. 3 

Sartorius, semitendinosus and biceps femoris posterior combined : with a fairly strong 
reflex an initial position of ilio-ischial femoral angle 108°, femoro-tibial angle 110° 
becomes altered to a position of ilio-ischial femoral angle 60°, femoro-tibial angle 50°. 
With a weaker reflex the position assumed was ilio-ischial femoral angle 70°, femoro-tibial 
angle 65°. Sartorius as a hip-flexor therefore overcame combined actions of semiten- 
dinosus and biceps femoris posterior as hip extensors (of. Fig. 2) both in strong and weak 
reflexes. 

_ Gracilis: with a weak reflex changed femoro-tibial angle from an initial position of 
125° to an angle of 115°; with a strong reflex to an angle of 105°. It produced adduction 
of thigh as well as flexion at knee. 

Tibialis anticus : 
obvious flexion of knee, for instance initial position being tibio-tarsal angle 115° under the 
weight of the limb free and 110° when toe-pads rested on table the angle was reduced to 
105°. With moderate reflexes the tibio-tarsal angle became 93°, and there was reduction 
of femoro-tibial angle from an initial 120° (limb free) or 118° (toes on table) to an angle of 
112°. The attachments of gastrocnemius and all other muscles were intact and when the 
ankle is flexed gastrocnemius tends to flex knee. The Fischer effect (cf. infra, p. 50) 
would also be of influence. Tibialis anticus also inverts the foot. 

Extensor longus digitorum : a strong reflex with the limb hanging free altered an initial 
position of ilio-ischial femoral angle 90°, femoro-tibial 132°, tibio-tarsal 125° to a position 
of ilio-ischial femoral angle 86°, femoro-tibial 110°, tibio-tarsal 76°. The above was with 
all other muscles intact; with tendo-Achillis eut the flexion at knee is less and there is no 
obvious flexion at hip. The upper tendon of extensor longus digitorum crosses the knee, 
and flexion of knee causes slight extension of toes if the ankle be not at the same time 
much dorso-flexed. If ankle be free to flex the knee flexors by means of extensor longus 
digitorum dorso-flex ankle but the toes are not extended, or are even flexed by passive pull 
of flexor longus digitorum. Extensor longus digitorum if ankle be not free to flex extends 
toes ; if ankle be free it can flex ankle and extend toes ; it also slightly separates the toes. 

Peroneus longus: everts the foot. Its tendon crosses ankle very nearly if not exactly in 
the axis of rotation of the joint. 
that flexion. 
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Tibialis anticus, peroneus longus and tensor fascia femoris combined: with a moderately 
strong reflex an initial posture of ilio-ischial femoral angle 110°, femoro-tibial 120°, tibio- 
tarsal 115° was changed to ilio-ischial femoral 65°, femoro-tibial 110° and tibio-tarsal 95°. 
There was also slight abduction of thigh, and the marked flexion at ankle was free from 
inversion or eversion of foot. 

Semimembranosus : starting with limb at following angles, ilio-ischial femoral 85°, 
femoro-tibial 112°, tibio-tarsal 126° a fairly strong reflex changed these to ilio-ischial 
femoral 182°, femoro-tibial 145°, tibio-tarsal 135°. Some inward rotation of limb 
accompanied the extension. As felt by the hand the extension of knee and ankle was 
powerful as well as that of hip. The muscle consists of two parts, both of which so far as 
I have seen react in the same way in the flexion-reflex. 

Biceps femoris anterior (v. sup. p. 48): both in moderate and strong reflexes the 
change in the position of the limb was closely similar to that produced by semimembran- 
osus, but was accompanied by some outward rotation of thigh and limb. 

Vasti and crureus taken together: with the limb suspended the whole limb straightens 

under the reflex action of this group; thus with initial posture of ilio-ischial femoral angle 
92°, femoro-tibial 105°, tibio-tarsal 122°, the posture became ilio-ischial femoral angle 102, 
femoro-tibial 157°, tibio-tarsal 140°. The extension at ankle as well as knee was strong, 
but that at hip did not overcome resistance so strongly. With the foot resting on the 
ground under the animal’s weight similar extension of knee, ankle and hip occurred lifting 
the hindquarters forwards and upwards. 
-  Gastrocnemius soleus (cat) and plantaris: with the limb hanging free of the ground a 
weak reflex produced extension of ankle without obvious change of posture at knee, 
a fairly strong reflex produces fuller extension at ankle with distinct flexion at knee; in 
this latter case the initial posture being ilio-ischial femoral angle 85, femoro-tibial 120° 
and tibio-tarsal 125° these angles became femoro-tibial 110° and tibio-tarsal 152°, the 
ilio-ischial femoral not obviously changing. When foot rested on table with the weight of 
the body on it a weak reflex changed an initial posture of ilio-ischial femoral angle 80°, femoro- 
tibial 114°, tibio-tarsal 105° to ilio-ischial femoral 78° and tibio-tarsal 120°, femoro-tibial 
remaining 114°; a strong reflex brought ilio-ischial femoral angle to 70° and tibio-tarsal to 
140°, again without change in the femoro-tibial (114). The ankle as it extended rolled 
forward over the plantar pads and the knee was pushed upward flexing the hip by raising 
lower end of femur. 

Soleus is wanting in the dog'; in the cat it is well developed. 

Flezor longus digitorum: powerfully flexes the toes, but appears neither to extend nor 
fiex the ankle. Its tendon passes the ankle-joint very closely to, or exactly in, the line of 
axis of the joint’s rotation. 

Rectus femoris and part of vasto-crureus between rectus and knee: the first branch from 
n. femoralis below nerve of sartorius supplies rectus femoris and also a slip of vasto- 
crureus passing down from lower end of rectus to knee. When this branch is directly 
stimulated the limb being suspended freely the effect produced is distinct flexion at hip, 
with distinct extension at knee. When this branch alone of all the motor nerves in the limb 
remains intact stimulation of central end of ipsilateral peroneal nerve causes flexion at hip 
with slighter flexion at knee, while similar stimulation of contralateral peroneal causes 
extension at knee with slighter extension at hip. 

Adductor minor: adducts thigh, and somewhat extends hip especially if hip be in 
a posture of flexion. 

Adductor major, adducts thigh and extends hip. 


? Of. also H. Fischer (P. Grützner), Pfliiger’s Archiv, 125, p. 641. 1908. 
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Pectineus, adducts thigh : its relation to flexion of thigh seems to be that it flexes 
thigh if initial pose of thigh be extension. 

Quadratus femoris: extends hip and rotates thigh outward. 

Gluteus minimus: abducts thigh and by its anterior and ventral parts flexes hip as well. 

Analysis of the muscular effect of the flexion-reflex shows this 
reaction to exhibit certain features.in its coordinate handling of the 
musculature. Coordination is a wide term and embraces the manage- 
ment of muscles both in their simultaneous and successive employment. 
The simultaneous coordination of muscles in a reflex effect is con- 
veniently spoken of as the “reflew-figure’’ The form assumed by the 
reflex figure in the case of the flexion-reflex of the hind limb exhibits 
the following features. 

6. i. The reflex does not in many cases treat as entities muscles 
regarded as such by anatomical nomenclature. Thus the reflex throws 
into contraction that part of biceps femoris, i. e. posterior part, which is 
inserted below the knee while it inhibits that part, i.e. anterior part, 
which is inserted above knee. The latter portion is an extensor of hip 
the former flexes knee. Again, the reflex in dealing with quadriceps 
extensor causes that part which flexes hip (rectus femoris) to 
contract while it inhibits that part (vasto-crureus) which extends knee“. 
Similarly in fore-limb, the flexion-reflex inhibits the humeral heads of 
triceps and at the same time excites to contraction the scapular head : 
this last is a flexor at shoulder, the former are extensors of elbow. 
Again, in the sartorius its medial band and the upper part of its 
lateral band contract in the reflex but the lower part of the lateral 
band does not appear to contract. This latter part tends to extend 
knee, the rest of the muscle flexes knee and hip. In regard to 
quadriceps extensor cruris and triceps brachii the taxis shown in the 
reflex is similar to that observed by H. Hering and myself* under 
cortical stimulation ; we did not particularly examine the other muscles 
here mentioned. 

6. ii. Those muscles which the reflex excites to contract and 
those which by inhibition it relaxes or restrains from contraction form 
two functional groups broadly describable as flexor and extensor 
respectively. Thus, there are excited by the reflex, psoas magnus, 
sartorius, gluteus mimimus, tensor fascia femoris and rectus femoris, 
flexors at hip; and inhibited are semimembranosus, biceps femoris, 

1 Integrative Action of the Nervous System, p. 164. e 

* Of. for independence of rectus from rest of quadriceps in man, Bee vor, Ergebn. d. 
Physiolog. Jahrg. 8. 1909. 

Arch. f. d. ges. Physiol, 1897; Proc. Roy. Soc. 1897. 
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Outlines from photographs. The hind limbs shaved. 

i. initial pose of limb before reflex; ii, reflex contraction of sartorius, biceps 
femoris posterior and semitendinosus ; iii, of biceps femoris posterior and semi- 
tendinosus; iv. of sartorius: all are photographs taken in succession from the 
same preparation (decerebrate). The five dots on the limb marked tuber ischii, 
great trochanter, anterior outer angle of ilium, a point selected in outer condyle, 
and the external malleolus. Oentimetre scale and plumb line are included. All 
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nerves in both limbs severed except those of sartorius, biceps femoris posterior and 
- semitendinosus of right side, and of sartorius of left side. Stimulus was faradisation 
of central end of cut post-tibial of right side for ii. and iii., of left for iv.; induction 
circuit remained unaltered throughout. Each stimulation lasted 4 secs. and the 
photographs were taken when the limb moved by the reflex had taken up its reflex 
sture fully and was steady. Starting from resting posture (i) the reflex contraction 
of semitendinosus biceps femoris posterior and sartorius combined flexed hip and 
knee ii.; nerve of right sartorius was then cut, and the reflex repeated (iii), the result 
being slightly less flexion at knee and at hip extension instead of flexion. For flexion 
iv. left post-tibial nerve was stimulated and reflex contraction of sartorius gave flexion 
at hip greater than in ii. and flexion at knee less than in ii. Sartorius evidently by its 
reflex contraction along with biceps femoris posterior and semitendinosus suppresses 
their action at hip and enhances their action at knee, i.e. these pseudoantagonists 
under identical innervation act harmoniously and with mutual advantage as flexors 
although two of them are as judged by their attachments extensors at hip. ö 


adductor minor, and quadratus femoris, extensors of hip. Excited are 
semitendinosus, biceps femoris posterior, sartorius, and gracilis, flexors 
at knee; inhibited are vastus medialis, vastus lateralis and crureus, 
extensors at knee. Excited are tibialis anticus and extensor longus 
digitorum flexors at ankle; inhibited are gastrocnemius, plantaris and 
soleus extensors at ankle. It is clear that reciprocal innervation of 
antagonistic muscles is a principle observed in the nervous taxis of the 
reflex. The reflex application of the principle seems especially to 
muscular antagonism such that were both muscles to contract at the 
same time the main action of one muscle would impede the main 
action of the other. | 

6. iii, But among the “flexor” group excited by the reflex to 
contract, are semitendinosus, biceps femoris posterior, and gracilis, 
muscles which though flexors of knee are extensors of hip. These are 
therefore to some extent antagonists of the hip flexors, yet the reflex 
throws them into contraction along with the hip flexors. Their possible 
extension-effect at hip is completely prevented during the reflex by the 
concomitant contraction of the hip flexors. This is a case comparable 
with the well-known concomitance of contraction of the long flexor of the 
fingers and the extensors of the wrist. In the execution of the grasp 
contraction of the extensors of the wrist accompanies contraction of 
flexor longus digitorum (Duchenne’, H. E. Hering“ Beevor“) This 
latter muscle besides flexing fingers flexes wrist; but its action at wrist 
is prevented by concurrent contraction of extensors of wrist. The action 
of flexor longus digitorum is less at wrist than fingers; its effect 

1 Physiologie des Mouvements, p. 154. Paris, 1867. 

2 Arch, fiir d. ges. Physiol. uxx. p. 559. 1898. 

3 Beevor. Oroonian Lectures, Roy. Coll. of Physicians, p. 11. London, 1904. 
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therefore which is suppressed by an antagonist is its subsidiary one; 
and that suppression increases its other and main effect, namely flexion 
of fingers. So also with semitendinosus, biceps femoris posterior, and 
gracilis. Their main effect is flexion at knee, their subsidiary extension 
at hip. The suppression of this latter by the hip-flexors enhances the 
main effect, flexion at knee. And it was experimentally shown (v. 
supra, p. 43) that in the actual reflex the contraction of merely one of 
the hip flexors, i. e. sartorius, is perfectly able to produce this suppression 
and thus while flexing hip and knee by its own direct action indirectly 
reinforces that action on knee by means of its pseudo-antagonists biceps 
femoris posterior and semitendinosus. 

Again, extensor longus digitorum is by virtue of its femoral tendon 
a slight extensor.of knee as well as a flexor of ankle and extensor of 
toes. By concurrent contraction of the great knee flexors the reflex 
prevents extensor longus digitorum from extending knee, and by flexing 
knee in its despite enhances its action as an ankle-flexor and toe- 
extensor. 

Similarly with the lateral band of sartorius. This band flexes hip 
but tends to extend knee. The reflex by concurrent contraction of the 
strong knee flexors prevents the band from extending knee and turns 
its whole power into flexing hip. 

These cases may be summarised thus. A muscle A acts at a joint 
a and with less ample effect at another joint 8; a muscle B opposes 
A’s action at f but by doing so exalts it at a. The co-ordinative 
relation observed between the two in neural taxis employing both is not 
reciprocal innervation—the one is not inhibited when the other is 
excited, but both are excited together or inhibited together. In other 
words the taxis treats the two muscles not as antagonists but as 
adjuvants. And this holds whether A’s action at the two joints is in 
similar sense, ¢.g. flexor longus digitorum at fingers and wrist, or in 
opposite senses, e. g. semitendinosus flexing at knee, extending at hip. 

6. iv. It is evident that the reflex uses certain muscles as 
protagonists (v. inf. p. 110, Winslow’s' principal movers,’ Beevor's“ 
‘prime movers’) and certain as fixators (Beevor’s* ‘synergies, H. E. 
Hering's“ pseudo-antagonists) and that it commonly employs at one 
and the same time one and the same muscle in both these capacities. 
Thus it uses the hip-flexors not only to flex hip but at the 


, Deagian’ 8. 1756. 
? Croonian Lectures, Ibid. p. 71. 1904. 
Ibid, * Zeitschr. f. Heilkunde, xvi. 1895. 
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same time to serve as fixation muscles for knee-flexors which would 
extend hip were the hip not kept from extending. An experimental 
proof of this was furnished above (p. 43). Similarly the reflex employs 
semitendinosus, biceps femoris posterior and gracilis as protagonists 
to flex knee and at the same time also as fixation muscles for certain 
flexors of hip, namely rectus femoris and lateral band -of sartorius, . 
which were the knee not kept flexed would extend it and thereby lose 
part of their efficiency for flexing hip. In these actions the reflex 
employs flexors which are prime movers of a joint as fixation muscles 
at that joint for flexors which act as prime movers at another joint. 
In the reflex taxis therefore flexors are used as fixators for flexors. 

6. v. The concurrent contraction of flexors with flexors so that 
prime movers serve also as fixators is an extension of a principle well 
shown by the musculature of the frog’s hind-limb and there studied 
particularly by Lombard and Abbott'. Flexors of one joint even 
when the flexors of other joints of the limb are inactive flex those other 
joints as well as their own. Thus in Lombard’s model the frog’s hip 
flexor when it flexes that joint flexes also knee and ankle. This results 
from the mere mechanical attachments of the knee and ankle flexors. 
Similarly in cat and dog contraction of tibialis anticus or extensor 
longus digitorum not only flexes ankle but flexes knee, in virtue of the 
attachments of gastrocnemius. By flexing ankle it draws down the heel 
so that the gastrocnemius even when toneless and paralysed by nerve- 
section flexes the knee in virtue of its upper insertion at femur. 

So again in cat and dog contraction of a hip-flexor produces in 
consequence of the attachments of semitendinosus and biceps femoris 
posterior flexion of knee even when these muscles have been paralysed 
by nerve-section. Now, in the actual reflex these muscles enter into 
contraction along with the hip-flexors; the taxis of the reflex therefore 
uses and extends the principle indicated in the mere non-contractile 
mechanics of the part. | 

Again, extensor longus digitorum by virtue of its femoral tendon 
comes to flex ankle when knee flexes. The knee-flexor, eg. semi- 
tendinosus, therefore flexes ankle by acting through extensor longus 
digitorum, even when that muscle is completely passive, paralysed by 
nerve-section. In the actual reflex however extensor longus digitorum 
contracts concurrently with knee- flexor; in this way the reflex not only 
uses but enhances the ability of the knee flexor to flex ankle as well. 
The non-vital mechanical behaviour of the limb and the nervous taxis 

1 Amer. Journ. of Physiol. xx. p. 1. 1907. 
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of its musculature in reflex action thus economically harmonise in their 
effects and mutually reinforce each other’s action. 

6. vi. In the above cases the muscles implicated are double-joint 
muscles, but a muscle which passes across one joint only (a single-joint 
muscle) may yet effect movements in neighbouring joints, if the point 
of its orizin as well as that of its insertion be free to move. The 
muscle’s contraction acts of course on both these points. This subject 
has been investigated by Fischer’ with great care in dead preparations. 
He has shown that in man brachialis for instance even when the 
influence of gravity is eliminated not only flexes elbow but flexes 
shoulder as well. By flexing shoulder I mean movement reducing the 
angle, already less than 180° between humerus and scapula. Conversely 
the single-joint part of triceps passing from humerus to ulna not only 
extends elbow but extends shoulder: joint, i.e. opens the angle between 
humerus and scapula. 

This principle is observed and enforced in the nervous taxis of the 
flexion-reflex. Reflex contraction of tibialis anticus not only flexes 
ankle but also knee; and in the full reflex with intact and active 
musculature this knee-flexion is reinforced by active contraction of the 
knee flexors. So likewise in the fore-limv (cat) the contraction of 
brachialis in the flexion-reflex of that limb, all other muscles being 
paralysed by nerve-section and resected from their insertions so as to 
obviate their passive pull, causes flexion not only of elbow but at 
shoulder, as Fischer“ has shown in man, In my observations the 
limb hung pendent so that gravity was not excluded from the result, 
as it was in the observations of Fischer; my purpose aiming at 
application to the flexion-reflex in that pose of the limb in which the 
reflex occurs naturally. The nervous taxis of the reflex provides that 
Fischer’s principle should take effect and not be opposed in the natural 
active movement of the limb. It relaxes by reflex inhibition muscles 
such as humeral heads of triceps and supraspinatus which would oppose 
it. In addition it reinforces it by throwing into contraction muscles 
which support it such as scapular head of triceps which is itself a 
flexor of shoulder. 

Here again therefore the non-vital mechanical behaviour of the 
limb and the nervous taxis of its musculature in reflex action economi- 
cally harmonise and mutually support each other’s effects. 


a Beitriige zu einer Muskeldynamik, p. 57, Leipzig. 1895, and Mechanik d. Lebender 
we Leipzig. 1906. Of. also H. E. Hering, Pfliiger’s Arch. uxv. 627. 1897. 
. cit, 
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6. vii. There is a further class of cases in which the flexion-reflex 
causes concurrent contraction in muscles which partially counteract 
each other’s effect. Thus the reflex concurrently excites biceps femoris 
posterior and semitendinosus. Both are flexors of knee and their action 
in that respect is so similar that they form twin flexors of that joint. 
But arising from practically the same point one descends to the outer 
side of knee the other to inner side of knee. The former acting by 
itself rotates the thigh and limb somewhat outward, the latter somewhat 
inward. When both are excited together by the reflex the knee is seen 
to be flexed without rotation of the limb. When the two muscles are 
used by the reflex each counteracts the other’s tendency to rotate the 
limb. Ilio-psoas and tensor fascie# femoris act harmoniously on hip in 
the flexion plane, but with antagonistic rotation components one 
outwards, one inwards. The reflex contracts them both together’. 
Again, tibialis anticus and peroneus longus are both thrown into 
contraction by the reflex. The former not only flexes ankle but inverts 
foot. The latter everts foot. When the two muscles, all others being 
excluded, are thrown into contraction by the reflex, the ankle is flexed 
but the foot is not, or very slightly, inverted or everted. 

The muscles in their lengthwise arrangement along the limb show 
something of a general arrangement into twin bands, one alongt he 
medial side the other along the lateral aspect. Thus semitendinosus 
pairs on the medial aspect with biceps femoris posterior on the outer 
side, tibialis anticus with peroneus longus, medial band of sartorius 
with tensor fasciz femoris, pectineus with gluteus minimus. These 
muscle pairs are concurrently excited to contract in the reflex action. 
Again, semimembranosus pairs on the medial aspect of the limb with 
biceps femoris anterior on the outer aspect, vastus medialis with vastus 
lateralis, inner division of gastrocnemius with outer division. These 
muscle pairs are concurrently relaxed by inhibition in the reflex action ; 
and (v. infra, Sect. II. p. 56) are concurrently excited to contract in the 
crossed extension reflex. The main action of the components of these 
pairs is harmonious, yet each component has a collateral action—a side 
sag—which is antagonistic to that of the other component. Reciprocal 
innervation does not appear in the reflex taxis in regard to the mutual 
co-ordination of the components of a muscle pair of this kind. The 
reflex taxis does not avoid the exercise of their antagonistic collateral 
action; on the contrary it employs it. In the case of peroneus longus 
and tibialis anticus there is little harmonious action between them at 

1 Of, in man, Duchenne, Physiologie d. Mouvements. 
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all, and the former seems used in the flexion-reflex chiefly to correct 
the side pull of the latter; hence it is perhaps that peroneus contracts 
in the reflex considerably less than does tibialis. shay 
6. viii. Certain of the muscles which the reflex excites to 
contraction can in virtue of their attachments act as flexors at one 
joint and as extensors at another. Thus, the gastrocnemius is 
potentially a flexor of knee as well as an extensor of ankle. The limb 
reflex employs its contraction exclusively for extension and not for 
flexion ; it is inhibited in the flexion reflex. Semitendinosus and biceps 
femoris posterior in virtue of their attachments can extend hip as well 
as flex knee. The limb reflex employs their contraction exclusively for 
flexion and not for extension. Rectus femoris is potentially a knee 
extensor as well as a hip flexor. The limb reflex treats it as though it 
were simply a hip flexor and uses it for flexion exclusively. In this 
sense these muscles may all be broadly grouped as flexors, v. sup. p. 45. 
6. ix. The details of the participation of the adductor group in 
the flexion-reflex I have found difficult to observe. Pectineus contracts 
adductor minor undergoes inhibitory relaxation. My observations 
suggest that those parts of the adductor mass which flex hip as well as 
adduct contract in the reflex, and those parts which would extend hip as 
well as adduct do not contract and in part at least are relaxed by 
inhibition. The circumstance pointed out by Lombard? in his study 
of the frog’s hip muscles that some lateral muscles, eg. adductors, 
abductors, flex when the limb is in one position and extend when it is 
in another has to be reckoned with and perhaps introduces lack of 
apparent uniformity in the reflex results. 
7. On certain muscles of the limb the reflex exerts so far as my 
observations go no influence either of excitation or inhibition. These 
muscles are gluteus maximus, gluteus medius, gluteus quartus, tibialis 
posticus, peroneus brevis and peroneus tertius. 
8. The reflex evoked by the deep afferents of the limb presents no 
obvious difference from that evoked by the cutaneous. Head, Rivers 
and Sherren* have shown that deep afferents (of forearm) evoke 
sensations broadly resembling the tactual evoked from the overlying 
skin. The deep afferents furnish a sort of “deep” touch with qualities 
differing from and yet entirely harmonious and complemental with the 
sensations of superjacent skin. Along with this conformity between the 
surface and deep sensual reactions there coexists a conformity between the 
surface and deep reflexes. The adequate stimulus for the deep afferents 


1 Loe. cit. 1 Brain, XXVII. 1905. 
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appears to be mechanical in kind; its source lies in movements active 
and passive of the limb, itself producing changes in shape and tension 
of muscles, etc. In other words the deep afferents belong to the 
“ proprioceptive” system. The relation in which their stimuli stand to 
stimuli given by the environment is a secondary one. The secondary 
character of the relationship argues that the reactions evoked by the 
deep afferents will be auxiliary and adjuvant to those evoked by the 
afferents of the surface’. Experimental observation supports this 
argument, and one item of the support is the just mentioned similarity 
of reflex effect yielded by deep and surface afferents respectively. 

9. From observations such as those given above on p. 29 it appears 
that the difference between a flexion- reflex that is stronger, eg. owing to 
more intense reflex stimulus, and one that is weaker (its stimulus being 
weaker) does not lie in the latter's employing few muscles the former 
many. Both employ approximately, probably exactly, the same 
| muscles, but the contraction of each muscle is in ~ stronger cone 

stronger, in the weaker reflex weaker. 2 

10. Although the afferent nerves from the ager area which —— 
almost the whole surface of the limb yield as their reflex effect pure 
flexion of the limb, a few afferents belonging to the attached base of the 
limb excite, instead of flexion, extension of the knee. Among these 
afferents are n. lumbo inguinalis (spermaticus externus), n. cutaneus 
femoris posterior, a small branch from 3rd lumbar to skin of groin, and 
certain perineal nerve-branches. 

(i) N. lumbo inguinalis (spermaticus externus, genito-crural). 
From this nerve the reflex obtainable as regards contralateral knee is 
always contraction of the extensors; on the ipsilateral knee the effect is 
sometimes contraction, sometimes relaxation. Examination of the reflex 
in fourteen individuals yielded contraction of the ipsilateral knee-extensor 
in all, but complicated in two individuals by occasional replacement of the 
contraction by distinct inhibitory relaxation. The inhibitory relaxation 
seemed favoured by faradic stimulation instead of mechanical. Among the 
afferent fibres of the nerve some therefore excite reflex extension of ipsi- 
lateral knee and others excite flexion of it. This holds of both the inguinal 
and the spermatic branches of the nerve. The field of distribusion of the 
nerve includes the inguinal mamma and a pad of fat covering the medial 
part of the groin. Manipulation of the groin of the spinal dog not unfre- 


1 Sherrington. Integrative Action of the Nervous System, p. 129. 1906; Brain, 
1906. 1906. 
Ibid, 
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quently evokes reflex extension of the ipsilateral knee. The extension 
which the nerve provokes may be movement unflexing the limb to allow 
the young better access to the inguinal mammilla, as in suckling. The 
reflex effect of the nerve is however in my experience the same in the 
male as in the female. The sense of the movement is compatible with 
a sexual significance. Beck and Bikeles* have recently reported a 


somewhat similar reflex movement elicitable in the spinal dog by 


stimulation of the skin of the scrotum. 

(ii) The small branch from the 3rd lumbar nerve to the skin of the 
groin enters that region between the external cutaneus and the 
spermaticus externus. It causes reflex contraction of the ipsilateral 
vastocrureus muscle extending the knee. 

(iii) Ischial and perineal nerves. From the skin over tuber ischii 
and from that of the perineum broad touches excite extension of the 
ipsilateral knee as well as of the contralateral. The vasti and crurei of 
both limbs are seen to contract. The crossed reflex is the more 
powerful and the root of the tail is deflected toward the crossed side. 
N. cutaneus femoris posterior bared, severed, and proximally stimulated 


mechanically by ligation yields usually a similar reflex result; so also do 


the afferent nerves of the perineal skin. Yet this result is not regular 
in regard to the contraction of ipsilateral knee-extensor, sometimes the 
contraction is replaced by inhibitory relaxation. Similarly the ischial 
and perineal skin sometimes yields flexion instead of extension of 
ipsilateral knee. Flexion is the result when the skin is pinched or 
pricked: extension when merely touched or stroked. Ischial skin 
therefore resembles plantar in so far that it yields reflex extension f 
ipsilateral limb when stimulated by harmless pressure, but yields flexion 
in response to stimuli whose character is hurtful. The irregularity of 
result from the ischial nerve-trunks may mean that it contains afferents 
some of which excite ipsilateral extension others ipsilateral flexion. 
Faradisation seems more effective for the latter, mechanical stimuli for 
the former. ‘ 
Apart from the usual but not invariable extension elicited by these 
afferents of perineal skin, buttock and groin, and apart from the extensor 
thrust elicited by broad pressure on the planta, the reflex elicited from 
the limb is uniformly flexion—the flexion-reflex. It has to be remem- 
bered however in thus summarising the above observations that in them 
the excitation of the deep afferents was unavoidably very artificial 
in character, namely by faradism or gross mechanical stimuli, The 
1 Arch, f. d. ges. Physiol, ox. p. 416. 1909. pee 
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observations therefore although they show the existence in all these 
nerves of afferent fibres which evoke ipsilateral flexion hardly excludes 
the possibility of the coexistence in some of the nerves of fibres which 
can evoke ipsilateral extension. In the plastic tonus of decerebrate 
rigidity we have evidence that in the nerves of the extensor muscles there 
coexist along with afferents which reflexly relax those muscles other 
afferents which reflexly excite their contraction especially in tonic form. 


Section II. REFLEX MOVEMENTS ACCESSORY TO THE FLEXION-REFLEX. 


1. The stimulus which evokes the flexion-reflex in the stimulated 
limb commonly evokes at the same time certain reflex movements 
elsewhere. In the fellow limb of the crossed side the movement is 
almost invariably extension. In the other pair of limbs it usually 
provokes extension and retraction of the homonymous limb and flexion 
with protraction of the crossed limb. Thus, when the seat of stimulation 
is a hind-limb the reflex effect is extension at knee, hip and ankle of 
the crossed hind-limb; extension at elbow, shoulder and wrist of the 
ipsilateral fore-limb with retraction; flexion at elbow, shoulder and wrist 
of the crossed fore-limb with protraction. When the stimulus is applied 
to a fore-limb the flexion- reflex results in that limb itself and in the 
other limbs extension of elbow, shoulder and wrist of the crossed fore-limb, 
extension at hip, elbow and ankle in the ipsilateral hind-limb and flexion 
at knee, hip and ankle in the crossed hind-limb. 

These reflexes are accessory to the flexion-reflex rather than parts 
with it of one integral reflex. Though often linked with it they are 
separable from it. The flexion-reflex of the stimulated limb itself is of 
such constancy that given the stimulus the ensuing flexion is a matter 
of practical certainty. But the reflex results extending to the other 
limbs are not so. The most constant of them is the crossed extension 
in the contralateral fellow limb. The least constant is in my experience 
the flexion of the limb diagonal to the limb stimulated. Here the 
effect is usually flexion but is not rarely extension. The effect does not 
oscillate from one form to the other in the course of any one experiment; 
but in some experiments it is flexion in others extension. Occasionally 
in the course of the same experiment it suddenly changes from flexion 
to extension, but I have not seen it then change back again. When 
reflex extension replaces the more usual flexion the total result of the 
reflex is extension of all the limbs outside the stimulated limb itself. 
This variability of the accessory reflexes separates them from the reflex of 
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the stimulated limb itself. Even the crossed extension-reflex of the 
twin limb has a variability which indicates that it is adjunct to rather 
than part and parcel of the reflex of the stimulated limb itself. The 
threshold stimulus for the crossed extension-reflex may differ considerably 
from that of the ipsilateral flexion-reflex itself; often it is practically 
the same for both, but often that of the crossed reflex is markedly the 
higher. In some instances the crossed reflex is unobtainable though 
the ipsilateral is obtained readily. The crossed reflex is clearly separable 
from though usually adjunct to the ipsilateral flexion-reflex. Ether and 
chloroform narcosis also commonly dissociates these reflexes by 
suppressing crossed extension-reflex earlier and longer than ipsilateral 
flexion-reflex. So also does spinal shock (v. inf. Sect. III. p. 67). 


2. Crossed extension-refler. 

(i) So commonly is the crossed extension-reflex an accompaniment 
of the ipsilateral flexion that serial analysis of its muscular composition 
does not involve great expenditure of material. The limb muscles which 


contract in it are found to be the following (Fig. 1 shows these muscles 
by the broken lines and numerals): 


vastus medialis, quadratus femoris, 
vastus lateralis, gastrocnemius, 
crureus, soleus, 

adductor minor, semimembranosus, 
adductor major (a part), anterior biceps femoris, 


sartorius (part inserted into patella), flexor longus digitorum (late). 
On the other hand certain muscles relax in it. Amongst these are : 


semitendinosus, tibialis anticus, 
biceps femoris posterior, sartorius medial band. 
„ lateral band in proximal 
part. 


Probably the other flexors relax also, but only those observed by 
actual isolation are entered on this list. In the fore-limb the reflex ex- 


cites contraction in supra-spinatus and humeral heads of triceps; and 


| relaxes by inhibition brachialis anticus. Other muscles as well are 


excited and inhibited in fore-limb, but those actually observed by 
isolation are the above. 


(ii) In its handling of the limb musculature this reflex exhibits the 
same principles of simultaneous coordination noted above in the flexion 
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reflex (v. sup. p. 95). It illustrates them further. Muscles regarded as 
units by anatomical nomenclature, ag. biceps femoris, triceps brachii, 
quadriceps extensor, are not so treated by the reflex. The reflex handles 
each of these as compounded of antagonistic parts; in each it inhibits 
and restrains the contraction of one part while it excites that of the 
other. 

As in the flexion-reflex so in this extension-reflex muscles which are 
antagonistic, in the sense that one as a prime mover would oppose the 
other as a prime mover, are dealt with by reciprocal innervation. But 
in this reflex all of the muscles which are excited to contract are muscles 
which in the flexion-reflex are inhibited and restrained from contraction. 
Conversely in this extension-reflex the muscles inhibited are those 
which in the flexion-reflex contract. Reciprocal innervation though 
exercised in this reflex equally with the flexion-reflex is exercised in 
exactly the reverse direction. 

This reflex like the flexion-reflex employs at one and the same joint 
one and the same muscle both as prime mover of the joint and fixator 
of the joint for muscles which are prime movers at other joints. Thus, 
it employs vastocrureus to extend knee and gastrocnemius to extend 
ankle: but gastrocnemius of itself would flex knee as well as extend 
ankle; its former action is prevented by the concurrent contraction of 
vastocrureus and this the reflex provides. And by prevention of the knee 
flexion the action of gastrocnemius as an extensor of ankle is enhanced. 
Again lateral band of sartorius at its distal end contracts in this reflex. 
It is an extensor of knee but also a flexor of hip. Experiment shows 
that when all other muscles of hip and knee are paralysed including 
medial band of sartorius itself the lateral band as excited by the 
crossed extension reflex does actually flex hip as well as extend 
knee. But in the crossed reflex when the other hip muscles are intact 
concurrent contractions of the extensors of hip prevent the hip flexion 
and the whole power of the lateral sartorius so far as excited in the 
reflex is devoted to extending knee. In the flexion-reflex flexors at one 
joint act as fixators for flexors at the next joint. In the extension 
reflex extensors at one joint act as fixators for extensors at the next 
joint. In the extension reflex, as in the flexion-reflex, where muscle A 
acts at joints a and B, and muscle B opposes A’s action at 8 but by so 
doing exalts it at a, the neural taxis does not treat A and B by 
reciprocal innervation: it excites them together or inhibits them 
together; it treats them not as antagonistic but as adjuvant each 
to the other. 
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Again, as in the flexion-reflex, the mechanism (Lombard and 
Abbott") whereby an extensor of one joint in virtue of the transarticular 
attachments of other muscles indirectly extends other joints as well as 
ite own is not only employed but is by the distribution of contraction in 
the musculature greatly reinforeed. Thus semimembranosus is primarily 
an extensor of hip, but it extends knee and ankle as well (v. supra, p. 44). 
This effect on knee it owes mainly to quadriceps extensor and lateral 
band of sartorius, and through the extension of knee thus obtained it 
by means of gastrocnemius extends ankle also. Again the vastocrureus 
is primarily an extensor of knee but it extends ankle as well, in 
virtue mainly of the transgenual attachments of gastrocnemius’. All 
these indirect effects are in fact used and greatly reinforced in the reflex 
action of the limb; the adjuvant muscles instead of being allowed to 
remain at their passive length are actually reduced in length by 
concurrent contraction. 

Again, as in the flexion-reflex, Fischer's“ mechanical effect in 
virtue of which vastocrureus tends to extend hip as well as knee is not 
disregarded by the reflex taxis but is favoured and reinforced; when 
vastocrureus contracts so also do semimembranvsus, biceps femoris 
anterior and quadratus femoris, the main extensors of hip. 

The neural taxis of the extension-reflex as of the flexion-reflex far 
from disregarding the subsidiary non-vital mechanical effects (Fischer, 
Lombard, Strasser‘ and others) inherent in the levers and muscular 
ties of the limb, so to say adopts them and reinforces them in its use 
of the limb. 
| (iii) The afferent nerves which evoke crossed extension include all 
those which evoke ipsilateral flexion, and in addition those of groin, 
ischial and perineal regions which evoke ipsilateral extension at knee. 
The receptive field of the crossed reflex is therefore wider than that of 
the ipsilateral flexion- reflex. 

The reflex extension of the crossed limb is often less pronounced at 
hip than at knee and ankle. In the decerebrate preparation the 
extension usually persists during the continued application of the 
stimulus, but is sometimes followed by active flexion on withdrawal of 
the stimulus. Occasionally in the decerebrate preparation and usually 
in the decapitate the reflex during the continuance of the stimulus is 


1. Loe. cit. 


* Joh. Müller, Handb. d. Physiol, Vol. 11. 971. 1884. 
Loe. eit. 


* Muskel. u. Gelenkmec hani k, 1. 1908. 
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an alternating one of extension and flexion. But the reflex movement 
opens with extension. 

It might appear from the above that a crossed reflex from one 
hind-limb to the other always takes the form of extension at least as its 
primary movement. In this connection the nature of the stimulus has 
to be remembered; the stimulus in the above observations has been 
unavoidably of limited and artificial kind. With more natural stimuli 
and especially such as are more suited to the proprioceptors crossed 
flexion is not unfrequently seen. In the spinal dog passive extension of 
one knee not unfrequently produces flexion of crossed knee’. Similarly 
passive extension of one hip not unfrequently produces immediately 
active flexion at the opposite hip*. Dorsal flexion of ankle sometimes 
results on stimulation of an afferent nerve of the crossed foot. 

Initial posture of the joint at which the reflex effect occurs is also 
of influence in determining the direction of the reflex movement there 
(Magnus v. inf. Sect. IV. p. 92). 

3. Rebound eatension following on reflex fleaion. In the decerebrate 
preparation the flexion-reflex of the limb is commonly diphasic*. 
After withdrawal of the stimulus which excites the reflex flexion there 
ensues a well-marked extension of the limb. This is more than a mere 
return to passive extension. It isan extensor contraction more powerful 
and ample than that of the tonus previously present‘. It is a rebound 
contraction of those muscles inhibited during the flexion phase. I 
have examined it particularly in vasto-crureus and gastrocnemius in 
hind-limb, supra-spinatus and humeral part of triceps in fore-limb. 
The flexion phase of the reflex after withdrawal of the stimulus 
followed by a rebound phase of extension. 


Section III. THE FLEXION-REFLEX AND ITS ACCESSORY REACTIONS 
IN THE DECEREBRATE AND THE SPINAL PREPARATION RESPECTIVELY. 


The flexion-reflex with its accessory reactions (v. swpra, Sect. II.) can 
be studied very completely in the decerebrate preparation. In spinal 
preparations also it is the readiest reflex to obtain and shows characters 
very similar to those it exhibits in the decerebrate preparation. The 
same muscles contract and relax or are unaffected in the one preparation 


1 Sherrington. Quart. Journ. of Expt. Physiol. u. p. 109. 1909, 

2 Sherrington. Loc. cit.; Magnus. Arch. f. d. ges. Physiol. oxxx. p. 219. 1909. 
* Sherrington. This Journal, xxxv1. p. 185. 1907. 

‘Sherrington. Roy. Soc. Proc 80, B. 53. 1908. 
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as in the other. Perhaps no one feature of the reflex by its absolute 
default or intrusion succinctly differentiates the reaction of one 
preparation from that of the other. Yet differences do exist between 
them and are significant though mainly quantitative. 

The spinal preparations employed have been (1) the decapitated 
preparation’ (cat) observed within eight hours after decapitation ; 
(2) the late spinal preparation (dog, cat) observed at various periods, 
often long, eg. four years after thoracic spinal transection. The observa- 
tions on the decapitated preparation are as regards time strictly 
comparable with those of the decerebrate preparation. In the 
decapitated preparation the transection lies usually 2—6 mm. behind 
the point of the calamus scriptorius. 

One difference between the reflex reactions of the spinal and 
decerebrate preparations lies in the duration of the after contraction. 
Myograms from the late spinal preparation show that the reflex 
contraction for a short period outlasts the duration of the stimulus. 
The discharge from the reflex centre does not subside absolutely at 
once, This after-discharge* is best marked in reflexes which are strong 
and follow on stimuli intense and rather brief (Fig. 3). The reflex 
contraction may attain even its greatest height just after the brief 
stimulus has ceased. Even so the after-contraction soon runs down, 
with a rapid and usually tremulous decline’. At longest it lasts a few. 
seconds. With weak and moderate reflexes there may be hardly a 
trace of it at all. It occurs with the reflex contractions both of flexor 
and extensor muscles. 

In the decerebrate preparation the reflex movements exhibit great 
sluggishness not of onset but of subsidence‘. Each position into which 
a stimulus moves the limb is retained and persists as a slowly subsiding 
posture. Each reflex becomes in this way an attitude struck and 
retained so as to recall the condition of a cataleptoid state. On 
examination with the myograph“ each reflex contraction is seen (Fig. 4) 
to persist long after cessation of the stimulus; a persistent tonic after- 
effect follows it. Analysis detects that not all the muscles of the limb 
exhibit this protracted after-contraction. It is met with regularly in 
semimembranosus, biceps femoris anterior, vasti (Fig. 3), orureus, gastro- 


1 This Journal, xv. p- 875. 1909. 
Integrative Action of the Nervous System, p. 26. 

Ibid. 

* Sherrington. Roy. Soc. Proc. IX. 411. 1896, and this Journal, xxu. 819. 1898. 
Roy. Soc, Proc. XXI. B, p. $88, Fig. 1. 1907: uxxx. B, p. 554, Fig. 24. 1908. 
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cnemius, soleus, swpra-spinatus and humeral part of triceps. It is absent 
from sartorius (medial band), psoas, tensor fascia femoris (Fig. 5), 


0 


Fig. 8. Reflex contraction of sartorius (spinal dog, after period of shock has passed). 
Faradic stimulation of skin of digit of ipsilateral hind-foot. Stimulus marked above. 
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semitendinosus, tibialis anticus, brachialis anticus and biceps. In these 
latter the reflex contraction exhibits hardly even the short-lived after- 
discharge such as the spinal preparation exhibits. That is, the tonic 
after-prolongation of contraction characteristic of the decerebrate 
preparation is restricted to the extensor muscles. It constitutes in the 
decerebrate preparation a difference between the reflex contractions of 
extensors and flexors. There is the question whether the difference is 
between extensors and flexors or between crossed reflexes and ipsilateral 
reflexes. The readiest way of obtaining a reflex contraction of extensors 


Fig. 4. Reflex contraction of vastocrureus in decerebrate cat. Faradic stimulation of 
central end of musculocutaneous branch of peroneal of contralateral limb. Stimulus 
marked below. Time in 2 sec. periods marked above. At end of the 18th second the 
contraction was cut short by forcibly stretching the muscle by hand to test the 
“ plasticity of the after-contraction. The plasticity is seen to be very complete ; the 
muscle continues at the length thus passively given it. 
of the limb is to employ a crossed reflex and for the flexors an 
ipsilateral reflex. The contraction of the extensor is however found 
still to exhibit the peculiar tonic after-prolongation when excited by | 
one of the uncrossed extension reflexes obtainable from inguinal ischial 
or perineal nerves (v. supra, Sect. I. p. 54). 
The after-prolongation of the reflex contraction of the extensor 
muscles in the decerebrate preparation is of tonic character. It often 
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endures for many minutes. It is not tremulous. It is with weak 
reflexes proportionately as marked as with strong. It is due to a tonic 
reflex which appends itself! to the reflex contraction excited by the 
external stimulus. Severance of the afferent nerve of the extensor 
muscle itself at once abolishes it; reflex contractions of the extensor 
then remain easily elicitable but exhibit no tonic after-prolongation’. 
The tonic reflex appending itself to the reflex of external origin has 
been shown to be autogenic. 


| 


— 


Fig. 5. Reflex contraction of combined psoas and tensor fascis femoris in decerebrate cat. 
Faradisation of central end of ipsilateral peroneal nerve. Stimulus marked below. 
Time in 1” periods above. 


Certain other muscles of the decerebrate preparation show an after- 
prolongation of contraction the same as do the extensors of the limbs. 
Among these are the dorsal muscles of the neck, the extensors of the 
tail and the elevators of the lower jaw. These therefore form a 
functional group with the extensors and in speaking of extensors in 
what follows I include them. 


1 Sherrington. Proc. Roy. Soc. uxxx. B, p. 562. 1908. 
bid. 


4 
‘ 
- 
3 
> 
* 
4 
* 
t 
4 
2 


64 0. S. SHERRINGTON. 


In the decapitated' preparation the tonic after-prolongation of 
contraction is absent (Fig. 6) just as after severance of the extensors 
own afferent nerve. It is absent from strong reflex contractions as it is 
from weak (Fig. 6). Spinal transection, or bulbar transection, any- 
where behind the pons, sets it aside in all extensors posterior to the 


Reflex contraction of vastocrureus in decapitate cat. Faradisation of central end of crossed popliteal 
with increasing strengths of stimulation. Stimulations marked below. Time in 1” periods above. 


: 


1 Of. this Journal, xxvu1. p. 875. 1909. 
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lesion’, Whether this abolition is permanent or only a temporary or 
“shock” phenomenon, is a further question. In the few hours during 
which observations on the decapitated preparation can be continued 
the abolition remains. Where the observations can be carried over 
longer periods, as after thoracic spinal transection, there is no return of 
the tonic after-prolongation at least for several weeks. My material 
has farther included preparations where intervals of nine weeks, eight 
months and thirty-one months were allowed after thoracic spinal 
section. In these cases mechanical and faradic stimuli to the central 
stump of the peroneal nerve elicited fair reflex contractions of 
contralateral vastocrureus. In no instance did these contractions 
exhibit the tonic after-prolongation characterising the decerebrate 
preparation, although at the time of the observation the extensors of 
the fore-limbs, the animal being decerebrate, were actually exhibiting the 
characteristic prolongation. There was however a difficulty in deciding 
whether all trace of the after-prolongation was absent. By recourse to 
successive induction* reflex contractions of vastocrureus could be evoked 
which outlived the stimulus—a brief one—for 10—12 seconds. This is 
of course a very short after-effect as compared with the after-prolongation 
enduring for whole minutes in a decerebrate preparation. The difficulty 
is to distinguish between a small amount of true tonic after-prolonga- 
tion and an ample after-discharge of ordinary kind. The tremulous 
character of the after-contraction in these spinal preparations argues 
against the former. Not that vastocrureus was toneless, for the knee- 
jerk, if that is evidence, was brisk. But to a certain degree the 
evidence from the observations is clear. Despite allowance of ample 
time for complete recovery from “shock” in the ordinary meaning of 
that term the spinal preparation did not show a tonic after-prolongation 
such as characterises the reflex contractions of the extensors in the 
decerebrate preparation. When in certain instances some tonic after- 
prolongation was present it was very brief as compared with that of the 
decerebrate preparation and less steady. The tonic after-prolongation 
characterising the reflex extensor contractions in decerebrate rigidity 
requires some reflex mechanism having its peripheral afferent path in 
the nerve of the extensor muscle and central apparatus pre-spinal 
as well as spinal. The pre-spinal apparatus involves some neural 

field between the levels of anterior colliculus and hind edge of 


1 Cf. F. H. Thiele. This Journal, xxxn. 358. 1906. 
Integrative Action of the Nervous System, p. 206; Roy. Soc. Proc. LXXVII. B, p. 478. 
1906. 
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pons, Reflex excitation and reflex contraction and even passive 
movement of extensor muscles excite this mechanism. On the 
contrary by reflex excitation and reflex contraction of the flexors it is 
usually inhibited though subsequently rendered more active (successive 
induction). | 


To a certain extent spinal transection affects the reflex condition of 
the extensor musculature in the same way as does severance of the 
afferent nerves of the extensor muscles. The latter’s effect is however 
local, the former’s covers the whole field posterior to the transection. 
This resemblance harmonises partly with an inference drawn by 
C. Brooks“ to the effect that severance of the afferent spinal roots 
produces the same shock effects on spinal reflexes of the limb as does 
transection of the cord itself. a 

The reflex contraction of the flexors as obtained in a decerebrate 
preparation is little modified by subsequent spinal transection’, Fig. 7 

1 Roy. Soc. Proc. xx. B, 652. 1908. | 
2 Amer. Ink. of Physiol. 1909. 
3 Of, F. H. Pike, Amer, Jnl. of Physiol, xx1v. 124. 1909. 
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A shows the reflex contraction of psoas and tensor fascie femoris 
(flexors of hip) in a decerebrate preparation two hours after decerebration 
and prior to spinal transection in the thoracic region. Fig. 7 B shows 
their reflex contraction elicited by a similar stimulus in the same 
preparation ten minutes later eight minutes after spinal transection at 
the ninth thoracic segment. 
With the extensors the case 
is different. Fig. 8, 1 shows 
reflex contractions excited in 
vastocrureus (extensor E) and 
semitendinosus (flexor F) in a 
decerebrate preparation and 
Fig. 8, 2 shows their contrac- 
tions elicited by the same 
stimulus twenty minutes later, 
fifteen minutes after the pre- 
paration had been made spinal 
by decapitation. The reflex 
contraction of the flexor is 
little altered by the transection. 
In each case the stimulus was 
the tying of a ligature on 
n. peroneus, ipsilateral for the 
flexor, contralateral for the ex- 
tensor. The reflex of the 
extensor is much reduced in 
amplitude and deprived al- 
‘together of tonic after-effect. 
The threshold stimulus for the 
reflex contraction had in the 
decerebrate preparation been 
practically the same for both 
muscles and stood between 5 Fig. 8. Ses text, 
and 10 units on the Kronecker 
scale. Ten minutes after decapitation 10 units evoked no obvious 
contraction in either muscle but 15 units evoked a small con- 
traction in the flexor none in the extensor, and 50 units evoked a 
strong contraction in flexor and none in extensor. An hour later 
10 units evoked a slight contraction in flexor and 30 units a slight 
tremulous contraction in the extensor. 80 units evoked a strong 
5—2 
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contraction in flexor very similar to that which the same number of 
units had evoked prior to decapitation. From the extensor it elicited 
a contraction of sluggish onset and quite unlike the contraction it had 
elicited from that muscle prior to decapitation, for then the con- 
traction had been succeeded after cessation of the stimulus by the 
usual prolonged tonic after-contraction, whereas now the contraction 
subsided immediately on withdrawal of the stimulus. 

In my experience the threshold value of stimulus for reflex con- 
traction of the flexor often becomes a little lower when the decerebrate 
preparation is made spinal but that of the extensor always becomes 
higher. In the decapitated preparation it is often difficult to elicit reflex 
contractions of the extensors of more than minimal degree ; sometimes 
they can hardly be obtained at all; occasionally however they can be 
elicited in considerable amplitude though never maintained beyond 
the withdrawal of the stimulus. Sometimes the contraction lapses 
even during the continuance of the stimulus, and then returns and 
lapses again and in this way the extension assumes a rhythmic form. 
A certain degree of asphyxia tends to augment the extensor reflexes 
more than the flexor. In the decapitated preparation the short after- 
discharge of a flexor reflex seems usually rather more marked than in 
the decerebrate preparation. 

The reflex contraction of the extensors has usually been elicited by 
a crossed reflex, that of the flexors by an ipsilateral. The heavier 
depression of the extensor’s reaction than of the flexor’s by the spinal 
transection might be a difference less between extensors and flexors 
than between crossed reflexes and uncrossed. But the same depression 
of the extensor’s reaction is evident when the reflex is excited by 
genitocrural or perineal afferents which evoke it ipsilaterally. More- 
over in cases where the crossed extension reflex fails in the decapitate 
preparation to elicit any contraction of the extensor muscles of the 
crossed limb it nevertheless exerts its usual influence on the flexors of 
that limb. This influence is inhibitory and can be detected by 
provoking a slight ipsilateral reflex contraction in the flexors and then 
stimulating a crossed afferent ; this is often seen to suppress the flexor 
contraction by inhibition, although it fails to cause contraction of the 
extensors, The same effect can be more easily observed when there is, 
as frequently is the case, a more or less persistent slight contraction of 
the flexors of knee and hip in the decapitate preparation. 

The depressant effect of spinal transection therefore falls unequally 
on the flexors and extensors of the limb. In agreement with this the 
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direct extension reflex elicitable from the planta (extensor thrust) 
emerges from the condition of spinal shock much later than does the 
flexion-reflex. How far the depression of the extensor reflexes is a 
permanent effect or a temporary or shock phenomenon can be gauged 
from spinal preparations kept under observation for long periods after 
spinal transection. In these the crossed extension reflex accessory to 
the ipsilateral flexion-reflex, the extensor thrust, and the crossed 
extension of knee on flexion of the ipsilateral are all obtainable and 
often with considerable facility. The heavy depression of the extensor 
reflexes by spinal transection is therefore largely a shock effect. On 
rare occasions I have found the extensor thrust elicitable in the cat 
even within five hours after decapitation. 

Spread of the reflex effect from the hind-limbs to the fore-limbs is 
in the decapitated preparation less facile than in the decerebrate. The 
reflexes of the fore-limb are more depressed in the former preparation 
than in the latter. A strong stimulus to a fore-limb though it evokes 
a reflex movement in the ipsilateral hind-limb may evoke hardly any in 
the fore-limbs themselves. 

A further difference between the decerebrate preparation and the 
spinal concerns the rebound of extension which so usually in the 
decerebrate preparation ensues after withdrawal of the stimulus 
exciting the flexion-reflex. This rebound in my experience is often 
absent from the decapitated preparation, and when obtained soon tires 
out under a succession of trials. It is however met with. In the 
spinal preparation when some weeks have elapsed subsequent to spinal 
transection it becomes obvious enough when the limb is intact and not 
subjected to the procedures necessary for isolating individual muscles. 
It is however never prolonged and tonic as in the decerebrate prepara- 
tion. In the dog as early as 16 days after thoracic spinal transection 
the flexion-reflex elicited by a pinch on the foot may be followed by an 
active though feeble extension of the limb. But in the decerebrate 
preparation the rebound may be great even within an hour of decere- 
bration and is elicitable in each individually isolated extensor muscle, 
and after such severe procedure as severance in both limbs of all other 
afferents than that of the isolated extensor muscle itself. In the spinal 
preparation even after long periods of many months have elapsed the 
rebound never approaches this degree of resistance and protracted 
course. A phenomenon allied to it however is commonly seen in the 
increased facility and intensity with which reflex extension can be pro- 
voked shortly after a strong flexion-reflex (successive spinal induction). 
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A significant difference between the limb-reflexes in the decapitate 
and decerebrate preparations respectively is the following. Alternating 
movement characterises’ spinal reflexes. The crossed extension reflex 
in the decapitate preparation is generally rhythmic whereas in the 
decerebrate preparation it is unbroken and steadily maintained. A 
similar difference is traceable in the ipsilateral flexion-reflex. A small 
clip when applied to a digit in the decerebrate preparation provokes a 
maintained flexion-reflex. In the decapitate preparation it causes a 
flexion-reflex broken commonly by a few brisk active extensions which 
after a few repetitions of extension die out leaving a more or less 
pronounced flexion persistent under the continuous stimulus. Similarly 
the clip applied to a fore-limb digit in the decerebrate preparation 
usually evokes a maintained extension of ipsilateral hind-limb. In the 
decapitate preparation it usually evokes in ipsilateral hind-limb an 
extension which is rhythmic.. Applied to perineum or scrotum the clip 
evokes in the decerebrate preparation a steadily maintained extension 
of both hind-limbs; in the decapitate preparation it evokes rhythmic 
alternating extension and flexion of opposite phase in the two hind- 
limbs. Again, the rhythmic reflex of alternating flexion-extension which 
constitutes the scratch-veflex is more readily elicitable in the decapitate 
or spinal preparation than in the decerebrate. So also, in the dog, is the 
‘shake-reflex’ resembling the action of a dog coming out of water. 

In short the limb reflexes of the decapitated preparation tend more 
than those of the decerebrate to exhibit rhythmic character with 
alternation of flexion and extension during the continuance of the 
stimulus. The decerebrate preparation may be described as exhibiting 
less tendency to develope refractory phase under the continuance of a 
stimulus. The tendency is especially marked when as bappens in the 
great majority of cases the decerebrate preparation presents its 
characteristic extensor rigidity. In describing the rhythmic reflexes 
of the decapitate preparation as due to development of recurrent 
refractory phase under a continuous stimulus it must be remembered 
that refractory phase does not express the entire case because not only 
does for instance extension temporarily lapse in face of the stimulus but 
flexion temporarily replaces the extension. 

In respect of proneness of the hind-limb reflexes to exhibit a 
rhythmic alternating form the spinal preparations which have passed 
beyond the period of “shock” resemble the decapitated preparation. 


Sherrington, Testb. of Physiol. Art. Spinal Cord. Vol. u. pp. 820, 881, 1900. 
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Ssorion IV. 


I. THE Nociorrrivx FLEXton-REFLEX. 


The flexion-reflex is elicitable from the skin of the limb and with 
especial facility from the skin of the foot (v. supra, Sect. 1). The 
stimuli especially effective are of nocuous quality. The flexion- 
movement provoked lifts and withdraws the foot. If the stimulus 
be continued the reflex holds the limb even for minutes at a time 
flexed under the body as though out of harm’s way. If the stimulus be 
strong and the reflex condition brisk the first flexion which results may 
be quickly followed by a brief active extension as if to shake off the 
irritation’, This secondary extension is always short and followed by 
immediate return to flexion, this latter occasionally to be broken by a 
brief extension and the manceuvre repeated a few times before unbroken 
flexion ensues, This result occurs even when a small spring clip 
affixed to the foot is used as stimulus, and when therefore the 
mechanical stimulus is constant. It is of interest as showing the reflex 
in the form of alternating flexion and extension although the alternation 
is irregular, repeated only a few times and then subsides into steady 
flexion. The more usual form of the reflex is maintained flexion 
unbroken by active extension even from the first. The description 
given is for the hind-limb (cat) but applies to the fore-limb also; there 
also not unfrequently the flexion is broken at first by a few brief 
irregular extensions especially at elbow. 

Under these stimuli and in these forms the flexion-reflex is 
evidently protective. It is often accompanied by stepping of the 
crossed hind-limb and, though less commonly, of the other limbs as well, 
but not of the limb itself stimulated. The irritated foot is withdrawn 
from harm and the other legs run away. The protective reflex is 
associated with a flight-reflex. The dog kept under observation by 
Goltz subsequent to ablation almost entire of both cerebral hemispheres 
was noted after incidental injury to one hind foot to keep the injured 
foot off the ground and run on three legs. Goltz’s interpretation of 
that “behaviour” as largely reflex is borne out by the above mentioned 
less complete yet broadly analogous reaction in the decapitate prepara- 
tion (eat). The decerebrate rabbit shows a similar reaction, except 
that in the rabbit while the stimulated limb is kept flexed the other 
three legs show the hopping movement more usual to the natural 


1 Of. in the donkey, Chauveau, Brain, uv. 173. 1891. 
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progression of that animal. In the decerebrate preparation (cat) the 


reaction shows in addition to the limb movements, a turning sideways 
and backward of the head, an opening of the mouth, retraction of the 
lips, and occasionally vocalisation. The significance of this pseudo- 
affective reflex is clearly related to the nocuous quality of the stimulus. 
There is a reflex combination of movements of protection signifying 
both flight and preparation for defence. 

This reflex is elicitable from all points of a large area of the limb 
surface and also though less easily from the deep structures as well 
(v. supra, Sect. 1 p. 35). But from the deep structures of the limb certain 
stimuli which are not nocuous can evoke reflex flexion. This latter 
reflex flexion is not a movement of | 
withdrawal of the limb out of harm’s 
way but is the flexion phase of the ö ö 
alternating reflex act of stepping. 

The above described maintained 
flexion- reflex excited by nocuous 
stimuli applied to the limb itself 
is therefore not the only form of 
flexion-reflex exhibited by the limb. 
And its sub-variety mentioned above 
as showing some brief and irregular 
discontinuity in the flexion is of 
interest as indicating a transitional 
form toward the rhythmic flexion- 
reflex of. the step. But the noci- 
ceptive flexion-reflex of the limb 
and the rhythmic locomotor flexion- 
reflex of the limb are, as is obvious 
from their significance to the in- 
dividual reactions, mutually incom- 
patible. Hence the nociceptive 
flexion-reflex can interfere with, 
break through and interrupt the 
rhythmic locomotor flexion-reflex 
(Fig. 9). The peculiar character, Fig. 9. Reflex stepping of hind-limb in- 
in fact the “adequacy,” of its terrupted by a nociceptive stimulus 
stimulus lies in intensity. It is 


flexion- reflex. Decapitate prepara- 
prepotent when pitted against the tion pags of lever = flexion. 


Integrative Action of Nervous System, p. 281. 
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locomotor reflex: and this is a further mark of its nociceptive character, 
since nociceptive reflexes like painful sensations are habitually 
“dominant” in competition against others. 


Il. SrI NAL 


1. From the decapitated preparation (cat) reflex stepping of the 
limb can be readily evoked. As to the reflex being really that of 
stepping there is no doubt, and other facts known of stepping as a 
reflex act make it not surprising that the decapitate preparation 
should exhibit it. After spinal transection in the thoracic region 
when the period of shock is passed the hind-limbs of the dog execute 
stepping movements strikingly complete. Photographic kinetoscope 
analysis of the outward character of these movements establishes the 
fidelity of their resemblance to those of the natural step (Pbilippson)!. 
Usually the spinal stepping is that of walk or trot, sometimes it is that 
of the gallop (Philippson)*. Occasionally the decapitate cat also 
shows the gallop; the decapitate rabbit does so more frequently. 

The ordinary stepping movement of hind-limb may be briefly 
described as exhibiting two phases. In one the limb suspended from 
pelvis is brought forward above the ground to a new point of support 
in front of that which it last used. In this phase the limb carries its 
own weight only, and even for that, conditions non-vital, e.g. atmospheric 
pressure on hip-joint (Weber), largely obviate the strain from falling 
upon muscle. Then follows a phase in which, while the foot presses on 
the ground, the limb is extended, carrying its own weight and a share 
of the superincumbent body weight, and finally aids the advance of the 
body by a propulsive thrust from the ground. Thus the stepping in 
each limb is a rhythmic movement of alternating flexion and extension. 
The salient features of this movement in the walk and trot (cat, dog) may 
be summarised thus“. 

i. Flexion phase, during which the anterior angle between thigh 
and ilio-ischial* line continually decreases owing to flexion at hip. 
During the earlier two-thirds of this phase flexion at knee and ankle 
proceeds along with the hip-flexion. In the latest third the angles at 


1 Travaux du Lab. de Physiol., Instituts Solvay. Bruxelles, vu. 2. 5. 1905. 

2 Ibid. 

Of. the kinematograms from Prof. Mareys Station physologigue, Pari, published in 
Philippson’s paper, op. cit. 1905. 

* Defined above, Sect. 1, p. 42. 
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knee and ankle begin to open. During part of this phase the toes are 
somewhat spread and extended (dorsal flexion) on metatarsus. During 
the whole of this phase the foot is off the ground. 

ii. Extension phase, during which the anterior angle between thigh 
and ilio-ischial line gradually opens, and the angles at knee and ankle 
also open (except for a transient yield under the weight of the body! in 
the earliest third of the phase). During this phase, except at its extreme 
end, the foot is on the ground; at the extreme end of the phase, after the 
foot leaves the ground, the toes are adducted together and plantar-flexed 
on metatarsus. 

iii, At end of flexion phase there is an anterior turning point 
when hip flexing changes to hip extending. At end of extension phase 
there is a posterior turning point when extension of limb changes to 
flexion. 

iv. Synchronism of extension phase in one limb with flexion phase 
in opposite fellow limb; in other words, synchronism of anterior turning 
point of one limb with posterior turning point of the other. 

These main features of the normal step of the hind-limb characterise 
also-the reflex stepping of the limb in the spinal preparation. They are 
main items calling for examination in the analysis of the neural taxis of 
the reflex step. 
| 2. Stimuli for stepping-reflec. 

Remote. Among the stimulations which excite stepping movement 
of the limb in the decapitate preparation are certain of cutaneous 
application and nociceptive character. The most effective loci for 
these are as follows: perineum especially at scrotum or near vulva; 
a foot not that of the limb itself exhibiting the stepping movement; 
neck or back, tail, and pinna when this has been preserved in 
performing the decapitation. The stimulus may be simply rubbing or 
squeezing the skin, or the affixing to it of a small clip, or the 
faradisation or ligation of an exposed nerve. Although cutaneous 
stimulation of that limb which itself exhibits the stepping is not 
y-svocative of the reflex in that limb during the stimulation, on the 
cessation of the stimulus reflex stepping of that limb may follow. And 
occasionally stimulation of the skin of the limb near its base excites 
stepping in it. The stepping evoked by stimulation of perineum or of 
pubic skin just in front of vulva is always bipedal. It might be thought 
that this stepping is bipedal because stimuli applied to the mid line of 

? Philippson. Op. cit. p. 17. 
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body may excite both right and left nerve-afferents together at their 
overlap in mid-ventral line. But the reflex is still. bipedal when the 
stimulus is shifted well to one side of the mid line, and also when the 
afferent nerves of one side have been severed. Under these latter 
circumstances the reflex stepping begins with flexion in ipsilateral limb 
and with extension in contralateral. In all cases the stepping of the 
two limbs is synchronous in tempo and of opposite phase in right and 
left lirabs. | 

But stimuli to the skin of the limb itself elsewhere than at its 
extreme base excite unipedal stepping of the crossed limb and in the 
stimulated limb itself the maintained flexion reflex, and when the limb 
is already stepping a stimulus to its own skin actually stops the 
stepping replacing it by maintained flexion (the nociceptive reflex) 
(Fig. 9). The cutaneous nociceptive stimuli which excite stepping are 
as regards their seat of application “remote,” i.. situate outside the 
limb itself. And in their case the significance of the reflex stepping 
is clearly protective, the protective act being flight. 

Intrinsic: But other stimuli which are non-nocuous and have 
their seat in the limb itself can evoke reflex stepping of the limb. 
And in fact in using the spinal limb itself for starting and controlling 
its stepping the observer has recourse not to skin stimuli but to passive 
movements. A sure way of eliciting the reflex stepping of the spinal 
hind-limbs (dog, “late spinal” preparation) is the lifting of the animal 
from the ground with spine vertical and hind-limbs pendent. The reflex 
stepping immediately sets in and continues for long periods at a time. 
This mancuvre evokes the reflex even so soon as a couple of weeks 
after thoracic spinal transection. Later when the reflex is better 
developed it occurs with spine horizontal as well as with spine vertical. 
Extension at both hips is a condition favouring the reflex and the 
passive hip-extension is greater with spine vertical. With spine 
vertical when one limb, eg. right, hangs freely under its own weight and 
the other, left, is supported by the observer's finger with hip semiflexed, 
both limbs usually remain quiet and there is no stepping. On then 
removi. g the support and allowing the left thigh to drop into passive 
extension a transient active extension seems to ensue with the falling 
of the limb and on the limb’s reaching its fuller extension there 
follows an active flexion at hip, knee and ankle. This is succeeded by 
extension partially active, to be fullowed again by active flexion, and so 
on. Thus the stepping-reflex commences and proceeds. But it is at 
once arrested by passively supporting one thigh in semiflexion. 
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be reflex-stepping thus proprioceptively excited is bilateral. At the 
first dropping of the limb (left) reflex flexion sets in in the opposite 
hip; and this occurs so immediately that the left limb has not nearly 
reached its full extension when active flexion is obvious at the right 
hip. And when the left limb after its extension flexes, right limb 
having completed its flexion extends. The reflex is therefore bilateral 
with opposite phase in the opposite limbs. 

In this experiment the passive extension of hip and knee under the 
limb’s own weight evidently provides the stimulus, Passive extension 
of ankle or knee alone or together but without hip does not suffice to 
start the stepping, although frequently exciting extension of contra- 
lateral knee without hip. Passive full extension of one hip alone, knee 
and ankle being even flexed, evokes reflex extension of opposite hip and 
limb. Stretching psoas muscle in the decerebrate preparation some- 
times evokes extension of crossed knee. The inference is that in 
starting the reflex stepping by allowing one limb to drop under its own 
weight the stimulus is mainly due to extension of hip. yee 

Evidently passive movements of the limb can excite from it its 
reflex step or at least can initiate that reflex. And the reflex when 
once started either by a passive movement or by one of the remote 
skin stimuli above mentioned shows like the scratch-reflex a tendency 
to continue, as if the movement of the stepping or scratching limb 
constituted to some extent an intrinsic stimulus in the limb itself 
further promoting and maintaining the reflex. Reinforcements of 
action in this way is not uncommon in complex reflex acts. Thus in the 
scratch-reflex the neck stimulus not only causes a flexion of ipsilateral 
hip but a turning of neck to ipsilateral side, and this turning of neck 
itself excites reflex-flexion of ipsilateral hip. Local proprioceptive 
stimulation as a factor in the reflex is further shown by the prompt 

arrest of the reflex by gentle restraint applied to the moving limb itself. 
| What are the receptors in the limb which movements of the limb 
excite? The limb receptors belong to the two categories exteroceptive 
and proprioceptive. The former are broadly speaking those of the 
skin, the latter belong broadly speaking to musculo-articular and deep 
fascial sttuctures. 

It might have been supposed that the main stimulus for the reflex 
step would arise in the planta from contact with the ground. Facts 
argue, however, against this somewhat natural suggestion. 

A light harmless stimulus, a touch, on the planta does it is true 
evoke in the spinal hind-limb a lifting and slight spreading of the toes 
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and slight dorso-flexion of ankle. But this movement of the toes and 
ankle is often a conspicuous feature of the reflex step when the dog is 
supported free from the ground and the reflex stepping of the spinal 
hind-limbs taking place in the air. Moreover in the intact animal (cat, 
dog) severance of all the nerve-trunks directly distributed to all four of 
the feet up to and above the wrists and ankles impairs walking so little 
as to make it highly unlikely that the loss of receptivity of the feet 
destroys any large factor in the reflex basis of these acts. 


For the denervation of the feet the following nerves have been severed, in hind-limb the 
anterior and posterior tibials, musculo-cutaneous and external saphenous about 5 cm. 
above ankle and internal saphenous above knee. In the fore-limb the severed nerves have 
been musculo-cutaneous, radial, median and dorsal and palmar divisions of ulnar about 
4 om. above wrist. It makes no obvious difference to the result whether these sections 
are made all at one time or seriatim. The section of anterior and posterior tibial, and of 
median and ulnar paralyses of course the intrinsic muscles of the feet. Yet in some cases 
hardly any noticeable disturbance follows. More often however the following defect 
appears in one or more of the feet. The animal is apt to stand with the toes of one or 
more of the feet doubled up underneath the planta. And although it may not do this in 
standing, on taking a few steps the toes of one or other foot are apt to double under in 
that manner, The way in which this occurs is that in the advance movement of the step 
the toes instead of just clearing the ground brush against it and are passively turned under 
the foot and when the foot is set down at the anterior turning point of the step the toes 
lies under it, and no correction of the malposition is made, the animal seeming unaware 
of it. 

It might be thought that this defect was due to motor paralysis of the short extensor 
of the toes which of necessity follows severance of anterior tibial nerve. But section of 
that nerve alone does not produce the underturning. Moreover a similar defect appears 
in fore-foot where there is no short extensor of the toes. In some cases this disturbance 
is transient. Slight increase of the lift of the foot in the advance phase of the step would 
obviate it. Hence it occurs less when the walk is quick than when it is slow. The de- 
sensitised foot later in some cases shows an abnormally high lift in stepping. 


Apart from this defect in the management of the toes the natural 
standing and walking of the animal appears little affected by this 
denervation of the feet. In regarding the feet as denervated by the 
above nerve-sections it must be remembered that long tendons which 
enter the foot proceed from a number of leg muscles situate far above 
the ankle, and the fleshy parts and musculo-tendinous regions of these 
muscles contain many deep receptors, whose afferent nerves enter high up 
and never apprvuach the foot directly and are therefore not severed in the 
above experiments. But the fact remains that in so far as contribution 
to the reflex taxis of the step is made by receptors from the foot the con- 
tribution concerns merely the posture and movements of the digits of the 
foot. With the actual reflex execution of the step by the rest of the 
limb these receptors seem to have little or nothing todo, Reflex stepping 
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excited by any of the stimuli mentioned above as competent in the 
deoapitate or spinal preparations is evoked as easily and perfectly from 
the limbs with denervated feet as from the limbs with foot-nerves intact. 
Moreover in those preparations the reflex stepping starts and continues 
well when the preparation is laid on its side the feet not touching the 
floor or when, as mentioned above, the preparation is supported 1 
above the ground so that the feet hang merely in the air. 

Nor is the reflex stepping annulled or even obviously impaired by 
section of all the various cutaneous nerves of the limb. When in 
addition to the foot-nerves the external cutaneous, ilioinguinal, internal 
saphenous, small gluteal, and postero-external cutaneous in both hind- 
limbs are severed no obvious impairment results in the reflex stepping. 


A prominent skin-fold (dog) extends along the outer edge of the groin. Stroking the 
anterior part of this fold or the skin in front of it often evokes reflex stepping of the spinal 
hind-limbs, and this is accentuated if the skin right and left be stroked alternately. This 
stepping opens with flexion of ipsilateral knee and hip and ankle. It seemed that 
stretching of this skin might occur when the limb extends fully as at end of the extension 
phase of the step. Yet stretching of the skin with the fingers fails to give the limb reflex. 
Also cocainisation of this skin region makes no obvious difference to the reflex stepping. 


There is one reflex from the planta which appears in several ways 
suited to play a part in the reflex step. Broad innocuous pressure on 
the planta spreading the digital pads and cushion excites a vigorous 
brief extension of the whole limb. This is the“ extensor thrust'.” It is 
practically annulled by severance of the two plantar nerves. The move- 
ment amounts to a vigorous thrust of the foot downward and backward. 
Were the foot on the ground this extensor thrust would propel the body 
forward and upward. The mode of its elicitation suggests that the 
weight of the animal applied through the foot against the ground 
probably excites it in the natural course of the step. When first 
describing’ the reflex I regarded it as likely to supply the looked for 
stimulus of direct extension of the stepping limb. Philippson“ has 
allotted this réle to the reflex in his description of the reflex mechanism 
of the trot. 

Further acquaintance with this reflex leads me to doubt whether it 
plays an important part in the stepping of the walk and trot, Section of 
the nerves of the foot annuls this reflex, but does not seriously impair 
reflex stepping. The ipsilateral extension which the reflex gre is 


Integrative Action of the Nervous System, p. 67. 
This Journal, xxrx, p. 58. 1908. 
> Op. cit. p. 82. | 
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usually synchronously accompanied by crossed extension, the form of 
extension of the crossed limb being a brisk vigorous thrust backward 
like that of the ipsilateral limb itself. The stimulus evokes, in fact, a 
bilateral thrust backward symmetrically executed by both hind-limbs. 
Such a movement is incompatible with walk or trot. It is however 
perfectly accordant with the movement of the gallop. This latter 
significance for the reflex is strengthened by a further observation. 
In a dog, in which spinal transection had been carried out between 6th 
and 7th cervical nerves and the animal kept under examination 132 
days subsequently, the “extensor thrust” was easily obtained from 
either hind-foot, The elicitation of the thrust in either hind-foot 
was accompanied by a synchronous sharp extension not only of the 
fellow hind-limb, but of both fore-limbs as well. Elbows and wrists 
were extended and thrown forward at the same time that hind-limbs 
were extended and thrust back. The movement obviously resembled a 
phase of the gallop. The observation supports Philippson’s' view of 
the reflex as contributory to the gallop. If however it plays any part 
in the walk or trot it can only do so in some weakened form in which 
it is unaccompanied by its collateral effects on crossed hind-limb and 
ipsilateral fore-limb. Moreover, reflex stepping, even in the shape of the 
gallop, goes forward in spinal dog, as Philippson“ has shown, when 
the animal is supported in the air and therefore in absence of all 
1 stimuli to the feet. The extensor thrust cannot therefore be 

an indispensable factor in the reflex step. The possibility however 
remains that, under conditions appropriate to it, it is a contributory 
factor, though not an indispensable one. 

Extension of the limb can also be obtained as a reflex result of 
stimulation of certain superficial afferents of the inguinal, ischial and 
perineal regions, Grounds were adduced above (Sect. 1, p. 54) for 
regarding these reflexes as not concerned with progression, but as more 
probably sexual, etc. The extension they evoke in their own limb is 
accompanied by synchronous extension of the crossed fellow limb, a 
movement incompatible with walk or trot. 

The intrinsic stimuli for reflex stepping of the limb do not therefore 
appear referable to any part of the skin of the limb. Movement of the 
limb as an excitant of stepping in it appears to act in virtue of deep 
receptors of the limb. Supporting this latter possibility are the following 
data. (i) Artificial stimuli, both mechanical and electrical, applied to 
the afferent nerves of the limb muscles uniformly evoke (v. supra, 

Op. cit. p. 86. 2 Op. cit. p. 29. 
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Sect. 1, 1, pp. 35 and 55) reflex flexion of their own limb and reflex 
extension of the fellow limb. (ii) Passive stretch of the knee extensor 
excites reflex relaxation of that muscle’ and reflex contraction of the 
crossed fellow muscle’; and this reflex is excited through the afferent 
nerve of the extensor muscle itself. (iii) Passive, and also active, 
shortening of the knee extensor excites contraction of that muscle and 
sometimes, though not regularly, reflex relaxation of the crossed fellow 
muscle‘; and here again the afferent nerve is that of the knee extensor 
itself. (iv) A gentle brief passive extension of the limb in the 
decapitate preparation is often immediately followed by active flexion 
of the limb. Of the muscles engaged in spinal stepping, one of the 
most active is the sartorius. With this muscle the following obser- 
vation can usually be obtained in the decapitate preparation (cat). 
The peroneal, popliteal, small sciatic and obturator nerves are severed, 
also internal saphenous at groin and the nerve of quadriceps extensor. 
Sartorius in that limb is rapidly resected from its insertions and 
separated from all lateral and deep connections, so that it lies free and 
retracted on the front of the thigh, retaining however its nerve and 
blood supply. The knee is then lightly held with one hand and some- 
what quickly extended by means of the foot held in the other hand. 
As this is done the sartorius is seen to contract, especially when the 
extension of knee reaches completion. This reflex contraction of 
sartorius occurs chiefly in the medial band (v. supra, p. 45) of the 
muscle. That band is pre-eminently a flexor of knee. This reflex can 
be obtained many times in fairly rapid succession. Conversely on 
passively flexing the knee a reflex contraction usually occurs also in 
sartorius, but pre-eminently in the lateral band of the muscle. This 
band is especially in its distal part an extensor of knee. Adduction and 
abduction of thigh under these circumstances and also when obturator 
nerve has been left unsevered does not in my experience cause contrac- 
tion in sartorius. Extension of hip does do so occasionally and then the 
contraction is chiefly of the proximal part of lateral band; that part is 
a flexor of hip. | 

Similar observations can be obtained from semitendinosus, biceps 
femoris posterior, tenuissimus and gracilis. Passive extension of 
knee and ankle or of either of these joints alone excites contraction in 


1 Sherrington. O. J. of Expt. Physiol. u. 1909. 
* Philippson. Op. eit. p. 81. 
* Sherrington. Q. J. of Expt. Physiol., loc. cit. 
* Sherrington. Ibid. 
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those muscles when they have been completely detached from their 
insertions at knee. The passive extension still excites the reflex when 
internal and external saphenous nerves, and musculocutaneous of 
peroneal and posterior tibial close above ankle have been severed and 
the foot thus far deafferented is used for manipulating the limb in the 
movement. The reflex contraction is a brief one, the stimulus seeming 
to consist therefore in the movement of extension and not in the extended 
posture when once assumed. 

(v) An important stimulus in the reflex step lies at the attached 
base of the limb and is produced by extension of hip (v. supra, p. 76) 
Exteroceptive stimuli having been excluded (v. supra, p. 78) it seems 
natural to relate that stimulus to changes in form and tension of 
muscles and fasci#. The muscular sense-perceptions of the limb are 
finer for its proximal joints than for its distal (Goldscheider)*. 
Magnus“ has shown that in regard to the influence of initial 
posture upon the direction of the reflex movement of the limb, the 
influence of hip is greater than knee and of knee than ankle. The 
flexion-reflex, as an exteroceptive reaction, is most potently excited 
from the free apex of the limb (v. supra, Sect. 1, p. 32). The 
stepping reflex, as regards deep stimuli situate in the limb itself, seems 
most excitable by stimuli at its attached base. This is as would be 
expected if the latter reflex is as regards its afferent source in the 
limb itself a proprioceptive reaction. 


8. Flewion-phase of the spinal step. 

The flexion movement evinced in the reflex step differs in several 
' particulars from that seen in the scratch-reflex. But with the flexion 
movement of the nociceptive flexion-reflex it agrees singularly closely. 
The main difference is that in the flexion phase of the step the flexion 
is not maintained and flexion at knee and ankle ceases somewhat earlier 
than does the flexion at hip, whereas in the nociceptive reflex flexion at 
all three joints is maintained. But when the reflex step is not vigorous 
in the spinal preparation the flexion at all three joints tends to cease at 
the same time. The stepping reflex then has the character to which its 
earliest observer, Freusberg?*, probably alluded when he termed it the 
“mark-time” reflex, for it then fails to properly advance the limb over 
1 Arch. f. Physiol, Leipzig, 1889. 


2 Pfliiger's Archiv, oxxx. p. 219. 1909. 
Ibid., x, 1874. 
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the ground. The other differences between the flexion of nociceptive 
flexion-reflex and that of the reflex step are that in the former the 
flexion is greater, and is succeeded by extension only after the stimulus 
is withdrawn, whereas in the step-reflex it is succeeded by extension 
during the continuance of the stimulus. 

Under analysis of the musculature at work in the two reflexes the 
similarity between the flexion of the flexion- reflex and that of the flexion 
phase of the step is again significantly close. By appropriate isolation 
of the muscles of the limb and by then exciting the stepping-reflex it is 
possible from a series of experiments to draw up a list of the muscles 
which contract and relax in the flexion phase of the spinal step. The 
list can hardly hope to be complete, since the procedure for isolating the 
individual muscles is necessarily severe and heightens the reflex thres- 
hold. The interference with the reflex which the requisite severance of 
a number of muscular nerves in the limb causes is greater than in the 
case of the nociceptive flexion-reflex. This is of itself suggestive of the 
proprioceptive nature of the former reflex. Often when the necessary 
isolation of a particular muscle has been completed the reflex, although 
previously regular and vigorous, is obtainable no longer. 

In the series of experiments performed the muscles actually observed 
to contract in the flexion phase of the reflex step have been as follows: 


Psoas magnus Semitendinosus 

Sartorius median band Tibialis anticus 

Sartorius lateral band, upper part Extensor longus digitorum 
Tensor fascism femoris brevis 

Gracilis Gluteus minimus 

Biceps femoris, posterior part Tenuissimus. 
Extensor brevis digitorum. 


These are all of them muscles which contract in the flexion of the 
nociceptive flexion-reflex. In the latter certain other muscles (psoas 
parvus, pectineus, tensor fascie femoris longus) were ascertained to 
contract also. In the flexion phase of the spinal step I have not been 
able to assure myself that they do, but it would be hazardous to say 
that they do not when the step is well developed. 

In addition to the above which contract the experiments show that 
certain other muscles relax in the flexion phase of the reflex step. 


These are: 
Vastus lateralis  Gastrocnemius 


Crureus Biceps femoris anterior. 
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These also are all of them muscles which relax in the flexion of the 
nociceptive flexion-reflex. In the latter there were also ascertained to 
relax part of adductor major, and distal part of lateral band of sartorius. 
These may relax also in the flexion phase of the reflex step but I have 
not been able to assure myself that they do. 


4. Extension phase of the spinal step. 
Just as flexion phase of the reflex step resembles the flexion-reflex 
in its play on the musculature of the limb, so the step’s extension phase 
resembles similarly the crossed extension reflex of the limb. Observa- 


tions by the same method show that in the extension phase of the ite 
muscles which contract are: 


Vastus lateralis Biceps femoris, anterior part 
Crureus Gastrocnemius 

Sartorius (part of lateral band) 

Vastus medialis Soleus 

Adductor minor Flexor longus digitorum. 

The muscles observed to relax are: 

Psoas magnus Biceps femoris, posterior part 

Sartorius, medial band Gluteus minimus 

Rectus femoris Tidialis anticus 
| Gracilis Extensor longus digitorum 
Semitendinosus. 


The muscles which contract are muscles which contract in the 
crossed extension reflex and those which relax are muscles which relax 
in that reflex. Flexor longus digitorum in the crossed extension reflex 
certainly contracts late; its contraction appears to come late also in 
extension phase of step. 


5. The “simultaneous coordination” exhibited. 


78 Analysis of the behaviour of the individual muscles confirms 
therefore the similarity between flexion phase of step and the flexion- 
reflex of the limb and between extension phase of step and the crossed 
extension reflex of the limb. The principles (Sect. 1, p. 45, and II. p. 56) 
of neural taxis and coordinative handling of the muscles exemplified in 
the nociceptive flexion-reflex and the crossed extension reflex therefore 
apply also to the reflex step. 
6—2 


* 
* 
Quadratus femoris 
4 
| * 7 2 3 * * > * * 


C. S. SHERRINGTON, 


— 
84 
: ＋ — 

— 
27 ‘ 
| 
* 

7 — — * 
\ 
P 
i \\ 
4 
\\ 
— 

84 4 

7 2 


LIMB REFLEXES. 35 


Fig. 10. Muscles observed by direct analysis to contract in the spinal step (oat, dog) 
I, in the extension phase, II, in the flexion phase. 


1. Orureus and vastus medialis A. Tibialis anticus and extens. long. digit. 
2. Vastus lateralis B. Biceps femoris posterior 
8. Adductor minor E. Extensor brevis digitorum 
4. Adductor major in part F. Tensor fascim femoris brevis 
5. Semimembranosus G. Gracilis 
6. Biceps femoris anterior I. Psoas magnus 
7. Gastrocnemius | M. Gluteus minimus 
8. Soleu. P. Peroneus longus 
9. Flexor longus digitorum (really passes R. Reotus femoris 
internal to ankle) 8. Sartorius lateral band, S’ medial band 
0. Quadratus femoris T. Semitendinosus. 


Just as the nociceptive flexion-reflex does not exhibit fully the same 
form when excited from widely different small afferent nerves of the 
limb (Sect. 1) so in the decapitate preparation the step-reflex varies 
somewhat in character as excited from this or that afferent source. 
When elicited in the decapitate preparation from perineal region or 
tail the stepping movement includes less flexion at hip than when 
elicited from a fore-limb or from the neck. In the dog the stepping 
when it first emerges after spinal transection in the thoracic region is 
often almost exclusively a rhythmic flexion at hips. The most usual 
imperfection in the step executed as a purely spinal reflex is in regard 
to the extension and flexion of the digits. The digits may even slightly 
passively flex when the ankle dorso-flexes, indicating that extensor 
brevis digitorum is not acting and that extensor longus digitorum is 
not acting strongly. Movement of the digits is often practically absent 
when the spinal stepping is feeble, though strikingly present in the 
vigorous reflex stepping of the spinal preparation after full recovery 
from shock i. These variations in form and completeness of the spinal 
step suggest that as regards any source which it has in the afferents of 
the limb itself that source is multiple, and though predominantly 
connected with the hip has also contributory channels from other 
regions of the limb. The remote source is often single, but the intrinsic 
source is probably commonly multiple. 


6. “Successive coordination” in spinal stepping. 

i. Salient features in the problem of the successive coordination of 
the reflex step are the anterior and posterior turning points of the 
movement. The reflex consists of an alternation of two antagonistic 
reflex movements, of flexion and extension respectively. It might have 

1 H. Munk. Sitzungsber. d. Berlin Akad. d. Wissensch, 1909. 
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been thought that for this two rhythmically repeated external stimali 
were necessary. But experiment shows that it can be excited in its 
entirety by various single stimuli and these not rhythmic but continuous 
in character, I include here among continuous stimuli faradic since 
although intermittent their rhythm (30—100 p. sec.) obviously bears no 
relation to the rhythm (about 2 p. sec.) of the reflex. In the decapitated 
preparation it is excited and maintained in a hind-limb by continuous 
pressure of a clip affixed to a remote point of skin (v. supra, p. 74); 
by faradisation of one or other of certain points in the cross section of 
the bulb or of the cord in the Ist and 2nd cervical segments; or by 
faradisation of an appropriate afferent nerve. 


For direct stimulation of the cut surface of the bulb or cord this faradisation has been 
carried out as follows. A diffuse electrode consisting of a large copper plate covered with 
cotton wool soaked in warm strong NaCl solution is applied to the shaved surface of the 
upper arm. A single-wire electrode of the pattern described in a previous paper’ is applied 
to the fresh cross-section of bulb at calamus seriptorius after removal of the head. Weak 
faradisation, e. 9. 40 units of the Kronecker scale when applied in the region 
of funiculus gracilis evokes reflex stepping in the ipsilateral hind-limb; this stepping 
commences with flexion of the limb including hip-fiexion. If the stimulus be enk the 
stepping may be confined to the ipsilateral hind-limb; if stronger, stepping of the 
contralateral hind-limb commencing with extension, occurs also. Occasionally a similar 
result has been obtained from an area ventral to the caput cornu posterioris. These 
localisations in the cross-section are mentioned but the uncertainty in restricting the 
effect of the currents to minute spots makes them mere approximations. 


Elicitation of the reflex by these continuous stimuli must mean that 
the stimulus having produced its opening effect, ¢.g. flexion becomes 
after a 4 sec. or so inoperative for that reflex, and on the other hand 
apparently operative for the opposite reflex, viz. extension for which it 
was not at first effective; and then } sec. later becomes again operative 
for flexion and not for extension, and so on. In other words there 
occurs rhythmically a refractory phase for flexion accompanied by 
removal of a refractory phase for extension, and then a refractory phase 
for extension accompanied by removal of a refractory phase for flexion. 
In the stepping reflex we have as in the scratch reflex a reaction with 
a rhythmically recurrent refractory phase which seems to alternately 
block one and then the other of two opposed simpler reflexes. The 
seat of the rhythm is obviously not peripheral. It is not in the muscles 
or their motor nerves for they do not when thrown into activity in 
other ways show any trace of rhythm of this frequency. Nor can it 
lie in the receptive organs of the skin or their afferent nerve trunks for 


A. Frohlich and Sherrington. This Journal, xxvuz. 14. 1901. 
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direct stimulation of the cross section of the spinal axis itself provokes 
the rhythmic reply. The rhythm is therefore central in its seat. 

Remembering that proprioceptive stimuli aroused in the limb itself 
can excite the reflex the possibility naturally suggests itself that the 
reflex movement of the limb initiated by a distant stimulus will arouse 
in the limb stimuli capable of modifying the influence there of the 
original stimulus. To take for instance the step-reflex of the hind-limb 
as evoked by stimulation of the ipsilateral fore-foot. The opening phase of 
the step-reflex is then usually extension. But as shown (v. supra, p. 75) 
extension of the limb produced by letting the limb drop under its own 
weight provokes when the extension has reached its full an ensuent 
active flexion of the limb, accompanied by extension of the opposite 
hind-limb. Extension of the limb appears therefore to evoke in the 
limb a stimulus exciting flexion of its own limb, accompanied as usual 
by crossed extension of fellow limb. Applying this to the step-reflex 
produced by fore-limb stimulation, the stimulation of fore-limb by 
extending hind-limb tends to evoke secondarily in hind-limb a stimulus 
for flexion of this latter. Now, stimuli exciting the flexors of the limb 
concurrently inhibit the extensors. There would therefore ensue from 
the primary, the distant, stimulus A, a secondary stimulus in the limb 
itself, a proprioceptive stimulus, B tending to cut short the influence of 
A and replace A’s reflex by the opposite reflex, namely flexion. But 
the mere execution of the flexion removes the stimulus B which caused 
it, and allows the influence of the continuous primary stimulus A to 
exert itself again. Thus the proprioceptive stimuli aroused secondarily 
in the limb tend to give the continuous influence of A a rhythmic iu- 
termittent effect’. 

The experimental results point therefore to a mechanism comparable 
with that of the Selbsteuerwng of the inspiratory movement first noted by 
Hering and Breuer“. There contraction of the diaphragm in inspira- 
tion is in due course cut short by a reflex inhibition traceable to a 
stimulus generated by the mechanical action of the diaphragm itself. 
In this respiratory mechanism the stimulus so generated arises mainly 
in the lungs and the vagus is therefore the main afferent nerve. 
Baglioni* has moreover shown a contributory source in the diaphragm 


1 Of. H. Winterstein, Pfiiger’s Archiv, cxxvu, 527. 1909. 

Sitzungsd. d. k. k. Akad. d. Wissensch. Wien. 909. 1868. 

2 Centralbl. f. Physiol. 28. 1908 ; also Mislawski, Centralbl. f. Physiol. 1901. Of. 
also for the chest wall as a whole, R. du Bois Reymond and Katzenstein, Arck. f. 


Physiol. p. 518. 1901. | 
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itself, the centripetal impulses ascending afferent fibres in the phrenic. 
In these reactions there is evident analogy between the rhythmic reflex 
inspiration and the rhythmic reflex of the step; for in each the movement 
is arrested and reversed by a secondary reflex generated mechanically 
by the primary movement itself and antagonistic to the primary 
reaction in its influence on the muscles. Similarly with the vasomotor 
centre and the heart, activity of the general vaso-constrictor centre by 
raising the arterial blood-pressure stretches the aortic wall and by so 
doing mechanically excites n. depressor, the afferent nerve of the aorta’, 
and thus reflexly moderates the activity of the vasomotor centre itself, 
the originator of the whole reaction. In these cases the. primary 
reaction generates a secondary antagonistic to the primary itself. 

Thus there recurs rhythmically during reflex stepping a conflict 
between two stimuli exerting opposed influence on the motoneurones of 
the limb musculature. The case of the concurrence of two stimuli 
having opposed influence on one and the same group of motoneurones 
has been examined“, and for the case of two muscles which the reflex step 
actually engages. The result of the conflict between the opposed 
influence is found to fall into one or other of three types determined by 
the relative intensities of the two opposed stimuli. We may take the 
case of S, the remote and primary stimulus, being excitant for moto- 
neurons & and inhibitory for motoneurons F. If while S is in operation 
a stimulus T arises whose influence is inhibitory for motoneurons E and 
excitant for motoneurons F, the three types of result actually observed 
are as follows. (a) If E be much weaker than 8 its inhibitory influence 
is unable to outwardly modify S’s excitatory influence as expressed by 
the contracting muscle; similarly, S’s inhibitory influence wholly 
prevents L's excitatory effect from showing on the opponent muscle. 
(8) If L is much more intense than S the former's excitatory effect, to 
judge by the muscle, overcomes &'s inhibitory effect wholly, and T's 
inhibitory effect wholly suppresses S’s excitatory effect. (Y) If S and 2 
are of not widely unequal intensity the excitatory influence of S is 


partially suppressed by the inhibitory influence exerted by = and the 


inhibitory influence of S only partially suppresses the excitatory of >. 
In effect there results contraction of the muscles E which S excites and 
of their antagonists the muscles F which L excites; but the grade of 
contraction of I is less than when & is acting without E, and the grade 


A. Tscherm ak and Koster, Pfliiger’s Archiv, xomt. 1902. 
* Sherrington, Roy. Soc. Proc. B. 80. Nov. 1908, Vol. 81, 249. March, 1909. 
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of contraction of F is less than when L is acting without 8. In short 
double reciprocal innervation is at work and the influences of stimuli S 
and T add themselves algebraically in their effect on the muscles E and 
F, and therefore on the motoneurones E and F. 

In the limb-reflex therefore when the stimulus S by the eie 
effect of its reflex on the limb generates there a loca] proprioceptive 
stimulus = antagonistic to S itself, the particular result which will 
acerue will depend on the relative intensities of S and Z. When 8 
is very intense in comparison with T, as is the case when a nocuous 
cutatieous stimulus is applied to the limb itself, L is unable to modify 
the effect of S and there results the usual nociceptive unalternating reflex, 
the protective reflex folding up the limb out of harm’s way. When the 
local centre is brisk and the skin stimulus not too powerful even with this 
nociceptive reflex = sometimes breaks through & in a brief partial and 
irregular manner. 

When 8 is remote and for that reason relatively less intense even 
though cutaneous and nocuous the intensity of the secondary generated 
L is not so unequally matched with it; = then interferes with the effect 
of S regularly, and the rhythmic alternating reflex “stepping” ensues. 
And frequently in spinal stepping the to and fro movements of the limb 
oscillate not about a neutral position of the pendent limb but about 
a position in which the limb is somewhat extended or somewhat flexed. 
For instance, stimulus S when in the median line of the perineum 
causes bipedal stepping of remarkably symmetrical character right and 
left, operating especially the knees and ankles. But if the point of 
application of the stimulus be shifted to one side of the midline the 
stepping is characterised by the greater flexion of the limb of that side 
especially of hip, while the stepping of contralateral limb exhibits in- 
creased extension of hip. That is, throughout the stepping the ipsilateral 
limb retains a somewhat flexed posture while the contralateral limb 
retains a somewhat extended one. Here clearly the relaxation of the 
flexors in the one limb and of the extensors in the other is incomplete. 
Now the cutaneous stimulus S is responsible for the flexion of the 
ipsilateral limb and for the extension of the contralateral. In the 
ipsilateral limb throughout and even at acme of extension phase there 
remains some contraction of flexors ; and in contralateral limb through- 
out and even at acme of flexion phase there remains some contraction 
of extensors. The persistence during a protagonist's contraction of some 
contraction in its antagonist is as regards spinal reflexes characteristic of 
the simultaneous operation of two antagonistic stimuli of nearly balanced 
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action on the muscle couple. The case is 3, ie. (y) of the three cases 
experimentally tested above. The solution indicated therefore for these 
forms of the spinal stepping is two antagonistic stimuli and double 
reciprocal innervation. . And similarly with the scratch-reflex where 
the to-and-fro movement of thigh oscillates about a position in which 
the thigh is even at completion of the extension phase still somewhat 
_ flexed. Similarly with the respiratory movements, when they are 

ick and deep the contraction of the diaphragm does not wholly cease 

uring expiration’; the diaphragm relaxes but its relaxation is incom- 
plete. In the above instance the incompleteness of the relaxation of 
the flexors in ipsilateral limb indicates that = in that limb is relatively 
weak as against S; and the same relative weakness of L is indicated by 
the incompleteness of the flexion of the contralateral limb for there S is 
an extensor stimulus. 

Hence it is evident that the particular form assumed by the reflex 
stepping of a limb is influenced by the nature (locus, etc.) and intensity 
of the remote initiatory (cutaneous or other) stimulus & in relation to 
the secondary proprioceptive one T. The exact degree of rhythmic 
relaxation being graded by the grading of the intensities of the two 
opponent stimuli & and T, the reflex step can assume in consequence 
various forms appropriate to this or that circumstance. Just as the 
plasticity of the tonus allows various modifications to the standing 
posture. 

Whether the intensity of the secondary proprioceptive stimulus > is 
ever high enough in comparison with that of the initiatory remote 
(cutaneous) stimulus S to give the second type of result (8) remains 
without direct answer from my observations. My impression is that in 
the vigorous more perfect reflex stepping of the spinal hind-limbs of the 
dog after the period of shock has passed, such a combination usually 
occurs, The amplitude of the excursions of the step is then great. It 
may well be that flexors and extensors then alternately fully relax, just 
as in natural breathing“ the diaphragm not unfrequently during the 
expiratory phase shows for a short time complete absence of all con- 
traction. The reflex stepping of the spinal hind-limbs of the dog after 
the period of shock has passed, proceeds with remarkable freedom from 


This Journal, xxxrv. 1. 1906; T. Graham Brown, Quart. Jnl. of Expt. Physiol, u. 
248. 1909. Ibid. . 21. 1910. 

2 R. Dittler, Pfiiger’s Archiv. 130, p. 400-443. 1909. For an interesting comparison 
between the nervous regulation of the respiratory movement and of a limb-joint, see 
F. H. Scott, this Journal, xxxvi. 301. 1908. ; 

Dittler, ibid. 
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fatigue. It will continue for a quarter of an hour or more without 
obvious abatement. This is intelligible in light of the fact that the 
muscles whose contraction, i.e. the motoneurons whose discharge, pro- 
duces the movement of the one phase of the step are none of them those 
whose contraction, i.e. discharge, produces the movement of the other 
phase. It is obvious that fatigue is least likely to affect such a reflex 
when primary stimulus S and secondary proprioceptive stimulus = are 
so balanced that = on each recurrence suffices to reduce to complete 
quiescence & s motoneurons and muscles, and & in its turn to completely 
quell any after - discharge due to T. The advantages of such a balance 
seem to explain the common experience and every day teaching that 
there is a proper way of walking, etc., as distinguished from bad habits 
of walk, etc. Walking for instance with a crouched posture of the limb 
must entail that the extensor stimulus never renders the flexor neurons 
fully quiescent, so that the action of the walk entails an ingravescent 
fatigue. And this would be avoided were the limb freely extended at 
each extension phase. A full and free extension phase connotes a full 
and free relaxation of flexors and a phase of complete quiescence for 
their neurones: and vice versa. 

The reaction caused by the secondary stimulus L, the proprioceptive 
stimulus, tends itself in its turn to generate a proprioceptive stimulus 
of opposed influence to the secondary stimulus T, and harmonious with 
the original primary stimulus 8. Evidence of this is given by the fact 
that the stepping reflex once started often outlives for many seconds the 
duration of the primary stimulus which originally evokes it, it continues 
for a time after the primary stimulus is altogether withdrawn. Where, 
as in the spinal preparation, there is nothing to restrain it. It proceeds 
for a time by its own intrinsic stimulation of the limb. The same holds 
true for the scratch-reflex, and constitutes one of a number of resem- 
blances between these two rhythmic alternating reflexes of the limb. 
And in both this after continuance of the reflex can be cut short by 
mere mechanical passive arrest of the moving limb. 

Certain difficulties however attach to the explanation of the rhythmic 
reflex of stepping by interference between remote and secondary intrinsic 
stimuli. These are (1) that passive movement especially flexion does 
not so regularly and potently excite opposite active movement, especially 
extension, as might on the above view be expected: (2) that sartorius 
when isolated and detached except for nerve and blood supply will still 
sometimes “step” on faradisation of cervical cord: (3) that a hind-limb 
when deafferented (8rd to 9th post-thoracic afferent roots inclusive 
severed) still gives traces of the reflex step on faradisation of ipsilateral 
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side of spinal cord at Ist cervical level; and that the scratch- reflex 
which in many ways resembles the stepping- reflex is under similar 
circumstances still elicitable. These difficulties suggest that generation 
of a secondary local stimulus and its interference with the operation of 
the primary remote stimulus, although regulative of the thythm 
(cf. vagus and respiratory rhythm) is of itself not the sole rhythm-pro- 
ducing factor in the reflex. Other factors (vide EH subsections — 


contralateral fellow limb. 

ii, “Umkehr” (v. Vexkiill, Magnus). In the ray-arm of the Brittle- 
star, Ophioglypha, v. Uexküll! has found that a given stimulus tends to 
excite contraction in whichever of the two opposed muscles is at the 
time the more stretched. Magnus shows that the same phenomenon 
is exhibited by the tail (cat)* when rendered spinal. Also* that it is 
clearly seen in the spinal reflexes of the hind-limbs of the dog. He has 
demonstrated this influence in two limb reflexes especially interesting 
in connection with the step, namely in crossed extension reflex and the 
crossed reflex-flexion of hip elicited by passive extension of the other 
hip. From these observations we learn that in mobile parts furnished 
with antagonistic muscles passive extension tends to make the reflex 
effect of a given stimulus flexion of that part whereas passive flexion 
tends to make the reflex effect extension. This reversal (Umkehr) 
would in such a reflex as the step explain the anterior turning point by 
the mechanical flexion of the limb when it had reached a certain grade 
diverting the excitatory effect from flexor motoneurons to extensor 
motoneurons; and the posterior turning point conversely. Such an 
explanation would be a welcome solution of the problem; and the obser- 
vations already obtained by Magnus show that this reversal is potent 
in mammalian spinal reflexes just as in the reflexes of the Echinoderm. 
Can the Umkehr of itself explain the rhythmic alternation of 
flexion-extension and extension-flexion in the reflex step? Were it 
by itself able to produce the turning points of the reflex step one 
would, I think, expect passive flexion and passive extension of the limb 
to determine still more easily than at present they seem to movements 

of opposite direction to their own. 
, Further, in the step reflex when isolated muscles are under anew 
tion I have several times seen a muscle still exhibit the rhythmic 


1 Zeitech. . Biol. XI VI. I. 1904; Ergebn. d. Physiol. ux. 2. 1. 1904; cf. also Mangold, 
Pfitiger’s Archiv, oxxvt. 871. 1909. Zeitschr. f. Physiol. xxi. 141. 1909. 
Pfliiger’s Archiv, oxxx. p. 251. — 
* Ibid. oxxx. p. 219. 1909. 
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response when quite severed from its insertion and lying unstretched 
and retracted, and when rhythmic movement of the limb was practically 
excluded and what slight movement still persisted in the limb could 
not mechanically affect the tension of the isolated muscle iteelf. 
Muscles in which the rhythmic response has under these circumstances 
still persisted have been sartorius and semitendinosus. Thus, in 
sartorius good rhythmic response was seen when the muscle lay 
retracted on the front of the thigh attached only at its upper origin, 
and after complete severance of the popliteal, peroneal, hamstring 
obturator and vasto-crureus nerves, and after psoas magnus, psoas parvus, 
tensor fascim femoris, the glutei and all the muscles attached to the 
trochanters and intertrochanteric line had been resected up from their 
insertions. Yet the muscle on stimulation of the cross-section of spinal 
cord at Ist cervical segment responded with its usual rhythmic 
contraction. It lay retracted into a short lump and formed a rhythmi- 
cally jumping heap when the step reflex was elicited. It is true that 
the rhythmic “stepping” of the muscle thus isolated is always relatively 
weak : but it is difficult to see how under such circumstances Umkehr 
could produce the rhythmic response. I have seen a similar reaction 
with scratch-reflex. Professor Magnus does not indeed suggest that 
the Umkehr is responsible for the rhythmic alternation either of the 
scratch-reflex or of the step-reflex. But the importance which the 
Umkehr“ phenomenon assumes in the light of his own and v. Uexkiill’s 
fundamental papers, makes it natural in seeking an explanation of 
the “turning points” in these reflexes to consider the influence of 
“ Umkehr” as a possible factor. It seems to me a contributory factor 

but unable of itself alone to explain the alternations in these reflexes. 
The alternating movement of the reflex step of the limb may open 
either with flexion phase or extension phase, Which phase it is which 
forms the opening phase in any particular case is clearly a matter of rule. 
The opening phase is flexion in the hind-limb when the exciting stimulus 
is applied to contralateral fore-limb or to ipsilateral column of the spinal 
cord, and usually when applied to ipsilateral pinna or neck. It is 
extension when the stimulus is applied to crossed hind-limb, and 
generally ipsilateral fore-limb, and sometimes to ipsilateral pinna, 
Magnus! has shown that in the spinal hind-limbs of the dog when 
reflex stepping is elicited by dropping one thigh the primary movement 
of the crossed hip which is flexion when the initial pose of the crossed 
limb is extension often becomes extension when the initial pose of the 
1 Pfliiger’s Archiv, oxxx. p. 245. 1909, 
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crossed limb is full flex ion (Umkehr). In the decapitate cat on exciting 
stepping in the hind- limbs by stimulating the tail, the preparation 
being symmetrically supine, I find, following Magnus’s plan with the 
crossed-reflex, that if the initial pose of one hip be full flexion the 
opening phase of the reflex step in that limb is extension, whereas if 
initial pose be extension, the opening phase of the step is flexion. 
Similarly in decerebrate rabbit. Pinching tail gives there a symmetrical 
_ hopping movement of both hind-limbs. If the initial pose of the hind- 
limbs be extension the opening phase of the reflex is bilateral flexion 
of hips, if the initial pose be flexion the opening movement is extension. 
I have not determined the latencies of the movements, but in view of 
Magnus’s observations I think these reversals of direction of the 
opening phase of the step, obtained by following the procedure described 
by him, may be instances of the Umkehr“ influence he has 
demonstrated. 

iii. Central Rebound. Passive movements of the limb by inducing 
proprioceptive stimulation certainly produce reflex effects in it and 
the fellow limbs. Active movements however are as sources of reflex 
influence probably more important, and involve moreover central nervous 
changes excitatory and inhibitory additional to those accruing to passive 
reactions. 

In each phase of the reflex step certain muscles are by appropriate 
isolation ascertained to relax (v. supra, p. 82). They are found in each 
phase to be the antagonists of the muscles which contract. The inference 
is that in this case as in the ordinary flexion-reflex and crossed extension 
reflex, there is reciprocal innervation of the prime-movers and their 
antagonists and that the relaxation of the antagonists is due to central 
inhibition. This inference can be tested as follows. A character of 
decerebrate rigidity is that it suppresses the recurrent refractory phase 
of the limb reflexes which are alternating in the decapitate preparation 
(v. supra, Sect. III, p. 70). The same stimulus which in the decapitate 
preparation excites reflex stepping with extension as its opening phase, 
excites when exactly similarly applied in the decerebrate preparation 
the same movement, namely, extension, but there then supervenes 
no reverse movement, it simply becomes a posture which is maintained 
as long as thestimulus. This gives time for examining the conditions 
of the muscular arcs in the reaction. The flexor arcs are found to be 
under inhibition. If the reaction be induced at a time when the 
flexors are already actually contracting in response to an appropriate 
reflex stimulus they immediately relax in spite of continuance of the 
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excitatory stimulus’: and when the reaction is over they immediately 
show their previous contraction again. I have ascertained this both 
for sartorius and semitendinosus, two of the most active flexor muscles 
in the step; and venture to assume that it applies to the rest of the 
“flexor” group. Similarly the stimulus which in the decapitated pre- 
paration excites reflex stepping beginning with flexion phase, produces 
in the decerebrate simply maintained flexion. Examination in the above 
way shows that here again the relaxation of the extensors is due to 
central inhibition. This has been ascertained individually for vasti, 
crureus, soleus, gastrocnemius, biceps femoris anterior, quadratus 
femoris and adductor minor, and presumably applies to the whole 
group. 

It seems clear therefore that in the flexion phase of a step-reflex 
which begins with flexion, excitation of the flexor motoneurons is 
accompanied by inhibition of the extensor motoneurons; and in the 
extension phase of a step-reflex which begins with extension excitation 
of the extensor motoneurons is accompanied by inhibition of the flexor 
motoneurons. We may assume that this obtains at every repetition of 
these phases. 

Inhibitory depression of spinal motor centres is followed on removal 
of the inhibition by a state of activity greater than that obtaining in 
them before the inhibition“. This is the case alike in decapitate, spinal 
and decerebrate preparations. An instance illustrating it is the 
following. Suppose a crossed extension reflex elicited at regular interval 
by a given stimulus, The reflexes form a series of practically constant 
amplitude and duration. If in the interval between two such successive 
reflexes a strong flexion-reflex be elicited in that limb whose extensor 
muscles are replying, the extensor reflex next following is ampler and 
longer lasting than the previous one“. The flexion-reflex laid the 
extensor motoneurons under inhibition. On cessation of the flexion- 
reflex the inhibition subsides and subsequently for a short time an 
exciting stimulus (crossed-reflex) finds the extensor motoneurons in 
a condition of exalted responsiveness and excitability. Similar post- 
inhibitory exaltation was noted in the inspiratory centre by Head‘. He 
stimulated central end of one vagus with faradic currents just too weak 
to produce complete tetanic contraction of the diaphragm. During 


1 Roy. Soc. Proc. uxxxt. B. 249. 1909. 

2 Integrative Action of the Nervous System, p. 206. 

* Sherrington. Roy. Soc. Proc. uxxvi. B. 478. 1906. 
* This Journal, x. p. 1. 1889. 
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this condition an inflation of the lung at once produced relaxation of 
diaphragm by reflex inhibition. After the inflation on the lungs 
returning to their normal volume the stimulus previously ineffectual to 
produce complete tetanus of diaphragm became at once effectual. As 
in this case the inspiratory centre so in the case of the limb the exteneor 
centte after a period of inhibitory depression exhibits a period of 
increased responsiveness to excitation. ! 

This post-inhibitory exaltation manifests itself not only by increased 
responsiveness to stimuli externally applied. It gives also the “ rebound 
extensions,” namely, those seemingly spontaneous extensions which 
follow on reflex flexion when the stimulus for the latter is withdrawn. 
In decerebrate and spinal reactions the withdrawal of a flexion 
stimulus is commonly followed by an active extension. Thus a brief 
nociceptive flexion-reflex is in the decerebrate preparation generally 
diphasic, active extension following as a rebound on the flexion when 
the external stimulus is withdrawn’. These rebounds are seen with 
fore-limb as with hind-limb, and in dog and rabbit as in cat. In my 
experience they follow better on cessation of a relatively short stimulus 
than on one prolonged for several seconds“. They ensue on centrally 
applied stimuli’ as well as on peripheral. They are exhibited by 
muscles, ¢.g. vastocrureus, isolated from all but their own nerve supply 
and attachments, that is when all other nerves except that of the 
muscle in question have been severed in both hind-limbs of the decere- 
brate preparation‘. 

In the decerebrate preparation these rebounds are although 
seemingly spontaneous probably not truly so. In the decerebrate 
preparation there is a tonic reflex excitation of the extensor centres and 
this is temporarily blocked by inhibition during the flexion stimulus. 
When that stimulus is withdrawn the tonic reflex excitation finds the 
extensor centres in post-inhibitory exaltation and produces a reflex 
extension greater than that it was producing prior to interruption by 
the flexion stimulus, But in the decapitate preparation it is more 
difficult to find a reflex explanation of the rebounds. They are in that 
preparation less common and less vigorous, but they occur. In that 
preparation there is no reflex excitation playing tonically upon the 
extensor centres. The extensor rebounds are perhaps then really 
spontaneous discharges of the extensor centres due to their state of 


* Sherrington. This Journal, xxxvi. 185. 1907; Roy. Soc. Proc. B. uxxx. 58. 
Proc. Roy. Soc. B. uxxx. 61, 1908, bid. B. uxxrx. 848. 1907. 
Proc. Roy. Soc. B. uxxx. 53. , 
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post- inhibitory exaltation; an autochthonous autonomic (E. Hering., 
A. v. Tschermak*) back swing following on allonomic inhibitory 
disturbance. 

When the musculature of the limb is examined by the methods 
given above to determine which particular muscles exhibit the rebound 
on withdrawal of a flexion stimulus, these are found in the hind-limb to 
be the following : 


Semimembranosus Adductor minor 

Biceps femoris anterior Gastrocnemius 

Vastus lateralis Quadratus femoris 

Crureus Soleus 

Vastus medialis Sartorius (distal end of lateral division). 


No muscles or part of muscles engaged in the flexion phase of the 
step show this rebound contraction ensuent on withdrawal of a flexion 
stimulus. In fore-limb muscles observed to exhibit rebound on 
withdrawal of a flexion stimulus have been 


supraspinatus and humeral head of triceps. 


Doubtless there are others but the above are those in which the 
phenomenon has been observed in the muscle when actually isolated. 
The muscles responsible for the rebound extension both in hind-limb 
and fore-limb so far as observed are those which as shown above 
participate by contraction in the extension phase of the reflex step. 
When therefore the flexion phase of the step bas been excited by an 
appropriate stimulus and in that way an incomplete step—incomplete 
because consisting of flexion phase only—has been produced, the reflex 
reaction is of itself competent to complete it in virtue of post-inhibitory 
rebound of the extensor centres giving the extension phase of the step. 
Taking the case where a stimulus excites reflex stepping with 
flexion as its opening phase, for instance in the hind-limb when the 
stimulus is applied to the contralateral fore-limb or to the pinna, or to 
ipsilateral funioulus gracilis of the cord. When the refractory phase 
arrives and the stimulus ceases to have its excitatory effect on the 
flexor centres of the limb it may be presumed that its reciprocal 
inhibitory effect on the extensor centres similarly ceases. Post- 
inhibitory exaltation then ensues in the extensor centres and a rebound 
discharge occurs from them producing the extensor phase of the step. 
But when the refractory phase is past excitation of the flexors with 


1 Lotos, 1888. 
® Arch. d. Sciences biologiques, St Pétersbourg. 1904. 
PH, XL. 
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inhibition of the extensors reappears, and a feature of rebound extension 
is the ease and promptitude with which it can be arrested by inhibition. 
An alternating reflex consisting of successive flexions and extensions 
will then result. 2 

And post- inhibitory rebounds are not confined to extension. On 
cessation of an extension stimulus rebound contraction of flexors is 
often seen, though in my experience of less common occurrence than 
extension rebound after reflex flexion. With the crossed extension 
reflex in the decerebrate preparation there not unfrequently occurs on 
withdrawal of the stimulus a flexion of the crossed limb synchronous 
with the rebound extension in the ipsilateral limb. Taking the case of 
the stepping reflex initiated in one hind-limb by stimulation of the 
contralateral foot or of the ipsilateral fore-foot, the opening phase of the 
reflex step is extension. On supervention of the refractory phase under 
this stimulation a flexor-rebound will execute flexion until the refractory 
phase is past when the external stimulus reacquiring its original power 
will produce extension again, the reflex thus becoming alternating. It 
was shown above that the extension of the limb tends to produce in the 
limb itself a stimulus excitatory of flexion. This stimulus exciting the 
flexors concurrently inhibits the motoneurons of the extensors. The 
interference of an intrinsic limb stimulus causing flexion with a distant 
continuously applied stimulus causing extension will convert the latter's 
effect into a rhythmic alternation of extension and flexion. 

iv. When the continuous remote (v. sup. p. 74) stimulus which 


- evokes the rhythmic reflex of the step is increased in intensity the 


stepping movement is not only more forcible but is quickened in 
rhythm. This is so both when the stimulus is applied to appropriate 
points of skin and when it is applied to the cross-section of the cervical 
cord itself. With intenser stimulus the refractory phase occurs sooner. 
This agrees with the view’ of Verworn, Baglioni, and F. Fröhlich 
who relate refractory phase to fatigue. But it is also compatible with 
the above view of the origination of the rhythm from two antagonistic 
stimuli a remote and an intrinsic which interfere. The more intense 
stimulus excites a quicker and more powerful opening phase of the 
step, and this tends more quickly and powerfully to generate the 
secondary proprioceptive reflex of the limb antagonistic to itself. A 
stronger step with higher frequency of rhythm in this way ensues. 
If two separately located distant stimuli provoking the stepping 


Biogenhypothese, Jena, 1908; Verworn’s Zeitschr. J. allg. Physiol. rv. 118, x. 110. 
Cf. also Verworn, ibid. v1. 11. 1906; and Fr. Fröhlich, ibid. vim. 893, 1908. 
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reflex in a hind-limb be concurrently applied the result is an intensifica- 
tion of the stepping. This is so not only when the two stimuli are 
such as produce reflex stepping commencing with the same opening 
phase, but also when the two stimuli are such as to excite stepping of 
opposite opening phase, ie. flexion from one stimulus, extension from 
the other. On the view above given this is what would be expected 
since the excitation phase of one reflex reinforces the rebound phase of 
the other, and conversely. 

The observations indicate a difference between (a) the stimulation 
exciting the spinal step from distant skin-points or by direct faradisation 
of the cross-section of the cervical cord, and (8) the step-producing 
stimulation generated by simply allowing the hind-limb to drop pendent 
under its own weight. In the former case the primary stimulus 
although continuously in operation is interrupted in its effect by the 
rhythmic generation of a limb-reflex antagonistic to that which it itself 
excites. In the latter case a stimulus (passive extension) is applied 
which generates a reflex whose movement is opposed to the original 
passive one; and this active movement generates in its turn an active 
(reflex) movement opposed in sense to its immediate predecessor, and 
reinforced in its execution by the passive posture in which the animal 
is being held. In (8) two antagonistic reflexes alternate under 
alternation of two intermittent proprioceptive stimulations arising in 
the limb itself. In (a) one of the two intermittent proprioceptive 
stimulations is reinforced at each recurrence of it by a continuous 
distant stimulus and this latter by evoking the first phase of the 
whole movement originally initiated as well as continues to maintain 
the steps. | 

v. Influence from the crossed fellow limb. The reflex stepping of a 
limb is considerably helped by reflex stepping of the crossed fellow limb. 
This is readily observable in the spinal hind-limbs of the dog. When 
the animal is held clear of the ground with hind-limbs pendent under 
their own weight and the limbs performing stepping the passive arrest 
of one limb often stops the stepping in both. Arrest in a position of 
flexion at hip usually stops the movement more speedily than arrest in 
extension. When the reflex stepping is vigorous the passive arrest of 
one limb may not stop the stepping of the other, although it slows its 
rhythm. 

Stimuli which applied to the limb itself evoke from it flexion excite 
in the contralateral limb extension (Sect. 11). This holds equally for 
stimuli applied to the afferent nerves of the muscles of the limb 
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(Sect. 11). Passive flexion of one knee excites reflex lengthening of its 
own extensor muscles and reflex contraction of the extensors of the 
opposite knee. The flexion phase of the step in one limb therefore 
tends by a crossed reflex which it excites to reinforce the extension 
phase of the step in the other limb. a 

Extension of a bind-llir ib can also excite reflex flexion of the opposite 
hind-limb! ; this is so in spite of almost invariable failure to obtain such 
a crossed reflex by artificial stimuli applied direct to the afferent nerves 
(Sect. 11). Crossed flexion is however the usual result, as Magnus’ 
points out, when in the spinal hind-limbs of the dog, one limb being 
passively supported in flexion that limb is allowed to drop into extension 
under its own weight. Flexion of the crossed hip occurs almost as soon as 
the other limb drops. In this case the dropped limb very often appears 
to exhibit an active extension as it falls. This would be a “shortening 
reaction of extension of knee and probably of thigh. In this case an 
active extension of the dropping limb is accompanied by an active 
flexion of opposite hip (and knee). 

In view of the evidence in Sect. Ii it might be thought that the 
extension phase of the reflex step is simply a crossed reflex from the 
opposite limb. Such a supposition fails however to satisfy a number of 
facts. (1) The supporting of one thigh in the flexed posture often 
arrests the reflex stepping of both limbs, but it does not do so always. 
(2) In the spinal hind-limb (dog) skin lesions about the outer malleolus 
are apt to occur owing to pressure and rubbing in the stall. A common 
result of this is that the limb the seat of the lesion is retained in 
flexion at hip and knee, the lesion appearing to act as a chronic 
stimulus inducing continual ipsilateral flexion. Such a dog when held 
up from the ground performs the usual reflex stepping freely with one 
limb and much less freely with the limb the seat of the lesion. When 
such a dog is set on its feet it stands on its fore-limbs and on the spinal 
limb which is not the seat of the lesion. That is, it stands on three 
legs, the partially flexed limb being off the ground. All trace of 
stepping movement then ceases in the standing hind-limb, but in the 
other the stepping movement, though it sometimes ceases at once, often 
persists for twenty seconds or more before it gradually dies out. (3) 
A continued faradic stimulus applied to an afferent nerve of one of 
the spinal hind-limbs causing in that limb steady flexion maintained 
so long as the stimulus is continued, often excites regular stepping in 


. J. of Expt. Physiol. 11. 1909. ® Pfliiger’s Archiv, 1909. 
* Q. J. of Expt. Physiol. loc. cit, . 


d 
7 
4 
5 
Al 
* 
| 
i 
{ 
1 
‘ 
1 
| 
if 
| 
| 
} 
; 


LIMB REFLEXES. 101 


the crossed hind-limb though there is none in the ipsilateral’ (4) In 
the decapitated preparation faradisation of the cross-section about 
funioulus gracilis at first cervical level can excite stepping in the 
ipsilatera! hind-limb without stepping in the other hind-limb or in the 
fore-limbs. (5) After section of sciatic, femoralis and obturator nerves 
of one hind-limb stepping of the opposite hind-limb by itself may be 
obtained in the decapitate preparation by skin-stimulation of the base 
of the paralysed limb. 

Hence it seems clear that spinal stepping of the hind-limb can go on 
in absence of any reinforcement from the fellow hind-limb, although in 
bipedal stepping the stepping of each hind-limb does receive reflex 
reinforcement from the stepping of the other, and to a less extent from 
stepping of the fore-limbs (Sect. 11). 

As to deafferenting one hind-limb by severance of its afferent roots 
and the effect of this on the reflex stepping of that limb my observations 
are still incomplete. They make it clear however that a majority of the 
afferent roots of the limb may be severed and the limb still show 
stepping. Thus, in the decapitate preparation 14 days subsequent to 
section of 5th to 10th (inclusive) post-thoracic afferent roots together 
with posterior half of 4th, stimulation of perineal and prevulval skin 
excited stepping of both hind-limbs. Again, with 3rd to 8th (inclusive) 
post-thoracic afferent roots cut together with anterior half of 9th, fara- 
disation in the decapitate preparation of ipsilateral side of cervical cord 
at Ist cervical segment evoked distinct traces of stepping in the limb 
with cut afferent roots. The scratch-reflex of that limb was clearly 
obtained. Again, after section of 3rd to 10th (inclusive) post-thoracic 
afferent roots of left side traces of slow stepping of left limb were evoked 
from perineal skin. Here also passive alternate extensions and flexions 
of right limb produced regularly flexions and extensions of left, as in 
stepping. Skin stimuli appropriate for evoking stepping of left limb 
usually however produced simply the opening movement of a step 
in that limb and no further movement. The scratch-reflex of left 
limb was however well evoked both from skin of neck and by fara- 
disation of cross-section of cord at first cervical level. The above 
observations have been on the cat. In the dog Prof. Magnus and 
myself have to some extent repeated an experiment originally made by 
Philippson“, but in our experiment a considerable part of one of 
the afferent roots of the series escaped me in the operation, though 


1 Integrative Action of Nervous System, p. 66. 
2 International Congress of Physiologists, Heidelberg. 1907. 
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the missing of it was not observed by me at the time. The root 
only partially cut appears to have been the 6th lumbar. In a later 
experiment the roots were successfully cut from the 4th lumbar 
to 2nd sacral inclusive. In this case on the 5th day after the root 
sections sepsis appeared and the animal was thereupon destroyed. 
But the results as regards the stepping reflex were the same in both 
cases. On being held up with spine vertical and hind-limbs pendent 
the reflex stepping of the spinal hind-limbs appeared slightly different 
from what it had been before the severance of the afferent roots. 
The stepping was exhibited by both hind-limbs and the stepping 
movement was synchronous with opposite phase in the right and left 
limbs. Before the root severance passive support of one hip in flexion 
had usually arrested the stepping in both limbs. After the root 
severance (left limb) passive support of the right hip in flexion caused 
the stepping as before to cease in both hind-limbs, but similar passive 
support of the left hip made no obvious difference to the stepping 
movement of the right limb and did not stop it entirely in the left. 

7. The view at which the above observations arrive regarding the 
successive coordination of the reflex taxis of the spinal step may be 
summarised thus. It is a rhythmic reflex which may be excited by 
continuous stimuli applied either to various peripheral points outside 
the limb or to the cross-section of the spinal cord itself. In stepping 
a pair of antagonistic reflexes E and F alternately operate, the stimulus 
which generates and maintains the action is however not intermittent 
but continuous. The production of this intermittent reflex response 
from a continuous stimulus occurs in the following way. The primary 
generating stimulus excites its reflex movement of the limb. The 
reflex thus excited constitutes the opening phase of the step and is 
E or F according to the locus of the primary stimulus. The active 
movement thus executed excites in the limb a proprioceptive reflex 
diametricall y antagonistic to that of the primary stimulus. If the 
primary stimulus evoke E, this secondary reflex is F. Three main 
factors combine to produce the secondary reflex which interrupts the 
primary one ; (i) centripetal impulses from the deep structures passively 
moved by the primary reflex, (ii) centripetal impulses from the muscles 
actively used by the primary reflex, (iii) the central change underlying 
rebound in the spinal limb-centres reciprocally excited and inhibited 
by the primary stimulus. “Umkehr” has also to be reckoned with as 
an accessory factor. Also perhaps under certain circumstances the 
“ extensor-thrust.” When the secondary reflex is F the factor (i) is 
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especially marked; when the secondary reflex is E the factor (iii) is 
especially marked. Where the limb has been largely or completely 
deafferented by severance of its afferent roots factors (i) and (ii) fall 
out, but factor (iii) remains and there remain crossed effects of factors 
(i) and (ii) from the stepping fellow limb. 

When both limbs are engaged in reflex stepping the extensor phase 
of the step in one limb is reinforced by a crossed extension reflex whose 
stimulus arises in the flexion of the other limb; and similarly the flexion 
phase is reinforced by a crossed flexion-reflex derived from the other 
limb. The influence of the fore and aft limb-pairs on each other is less. 
The observations indicate that in natural stepping the excitatory 
influence descending from the brain to the spinal limb-centres is not 
intermittent but is continuous, although it results in rhythmic 
alternating movement of the limb. 


III. RxrIEX SraxDiIxd. 


1. Spinal. The execution of stepping movements by the limbs 
does not of course in itself amount to walking. For this latter act the 
reflex stepping of the limbs has to be combined with reflex maintenance 
of the erect posture of the body. In regard to this the question rises 
can the spinal preparation stand. In my experience the decapitate 
preparation (cat) certainly cannot stand. Placed in the erect posture it 
immediately sinks; limbs, neck and tail drop ; they are without power to 
antagonise gravity. The stepping movements of the limbs so readily 
excited in this preparation are ineffective for locomotion ; the extension 
phase of the step is usually unable to straighten the limbs effectively 
under the superincumbent weight of the body. : 

But a different condition is observable after a period has elapsed 
following the spinal transection, eg. at 10th thoracic level. In the 
course of some months or weeks the hind-limbs become able to stand 
(dog). If placed symmetrically in the standing posture with the hind- 
feet together and the fore-limbs supported by an assistant, the hind-limbs 
are found capable of maintaining the extended posture and supporting 
the weight of the hindquarters, even for minutes at a time. In some 
experiments as was mentioned above the standing can be executed by 
one hind-limb without help from the other, so that the animal stands on 
three legs, but such standing lasts in my experience only for a short 
time, rarely a full minute. Spinal standing is subject to sudden lapses. 


1 Cf. Philippson. International Congress of Physiologists, Heidelberg, p. 180. 1907. 
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At times by no device can the spinal limbs be made to stand. And 
there is little latitude in the exact pose of the limbs compatible with 
the standing. In my experience the limbs need to be symmetrically 
placed, and there must be no wide departure from the vertical. In 
short there is in the tonic reflex which maintains standing in the purely 
spinal condition little of that plasticity which the natural act exhibits. 

2. Decerebrate. If however we turn to the decerebrate preparation 
the condition is different. The state of that preparation is as regards 
the innervation of its skeletal musculature more constant and homo- 
geneous than that of the decapitate or spinal. The decerebrate 
preparation is exhibiting a steady reflex in continuous operation. It is 
in a state of reflex equilibrium such as the purely spinal preparation 
rarely approaches to. In the decerebrate preparation there obtains a 
characteristic rigidity’. The limb muscles are stiffened by tonic reflex 
action to the extent that they successfully counteract the weight of 
the body. In short in the limbs a static reflex is in progress. A tonic 
reflex keeps the limbs extended, the neck and tail lifted, the back and 
head horizontal, and the lower jaw closed against the upper. This 
reflex rigidity maintains the preparation in a definite posture. The tonic 
contraction which thus maintains a reflex attitude does not involve all 
muscles in the limb and other regions; it is confined to certain muscles 
and is absent from the antagonists of these (Sect. III, p. 60). It is 
present in the extensors of the limb, the retractors of the head, and the 
elevators of neck and tail and lower jaw. The tonic reflex contraction 
is therefore confined to those muscles which counteract gravity in the 
usual erect posture of the animal. And the grade of contraction of 
these muscles in the decerebrate state commonly just suffices to support 
the creature in the erect attitude when passively set upright. This 
static reflex though its effect covers a wide field of musculature is 
nevertheless a homogeneous entity. The tonic excitation produced by 
it is distributed to muscles which form one functional system compassing 
one common result, namely, the counteracting of gravity in those parts 
whose weight has to be duly supported for the maintenance of the 
erect posture of the animal. The source whence proceed the centripetal 
impulses maintaining this reflex has been traced to be in those muscles 
which themselves exhibit the tonic reflex contraction. The reflex arises 
therefore from a source which is itself of unitary functional character, 
namely, that system of muscles which in the erect posture of the animal 
antagonises the displacements which gravity would produce. This 

1 This Journal, Xu. 339. 
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reflex employs a pre-spiual centre situate between anterior colliculus 
and hind edge of pons. It ceases when that region is removed. 
Originated via one particular set of proprioceptive afferents and 
subserving one unitary purpose the reaction constitutes a single though 
composite proprioceptive reflex. 

In it, as in the kinetic reflexes (flexion-reflex, crossed extension 
reflex) analysed above, reciprocal innervation of antagonistic muscles 
seems to obtain. The tonic excitation is supplied only to one member, 
the extensor, of antagonistic muscle pairs. There is evidence that the 
flexors are under a mild tonic inhibition, the counterpart of the tonic 
excitation of the extensor motoneurons. 


(1) The reflex contractions of the flexors in decerebrate rigidity show less prolonged 
after-discharge than they show in the purely spinal condition. (2) The threshold 
stimulus for reflex contraction of the flexors of the limb is often seen to be slightly lower 
in the decapitated preparation than in the decerebrate. (3) Alternating reflexes are 
facile in the decapitate preparation but are much less so in the decerebrate. The latter is 
occupied by the tonic extensor reflex, the former not. In the decerebrate preparation 
occasionally the tonic extensor reflex (rigidity) does not develop or lapses ; when this 
happens the alternating reflexes are more facile than usual in the decerebrate preparation. 
Reflex flexion is involved in the alternating reflexes and some of them, e. g. scratch reflex, 
open with flexion. (4) In spigal preparations myographic work with the flexors is 
commonly disturbed by reflex twitchings of the muscles. This is especially the case when 
afferent nerves of the limb have been prepared for stimulation, ete. The twitches can be 
temporarily subdued by reflex inhibition. Work with the decerebrate preparation is not 
disturbed in this way. The twitching of the flexors seems suppressed. In decerebrate 
rigidity a stimulus A which reflexly excites the flexor muscles produces marked relaxation 
of the extensors of that limb. Conversely a stimulus B which excites the extensor muscles 
inhibits the flexor muscles as can be shown by its suppressing a contraction just previously 
produced in them. Yet in decerebrate rigidity stimulus B produces in the flexors no 
further elongation (relaxation) than they already show. The inference is that the flexors 
are already completely relaxed. 


These points indicate that in the decerebrate preparation the 
postural reflex which keeps the extensors in tonic contraction is 
keeping the flexors relaxed by tonic inhibition. This static reflex 
which the decerebrate preparation so constantly exhibits is the attitude 
of “standing” reflexly executed. It seems unnatural that experimental 
search should find, so far as “acute” preparations go, reflex stepping 
obtainable as a purely spinal reflex but for reflex standing have to resort 
to a preparation retaining hindbrain and part of midbrain as well as 
cord. An explanation lies I imagine in the circumstance that the latter, 
the postural reflex (standing) is an extensor reflex, whereas the former 
is a flexor as well as an extensor reflex. Extensor reactions usually 
suffer more than flexor from loss of subcortical prespinal centres. After 
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the “shock” has passed as pointed out above a modicum of standing 
remains even in the spinal preparation. 

And to ascribe to “standing” such wide-spread muscular action as is 
seen in decerebrate rigidity may seem somewhat opposed to views in 
general acceptance which tend to attribute it mainly to ligaments, joints 
and organs of purely static function. But R. du Bois Reymond our 
best authority on such matters writes': “In the study of joints the idea 
of the bones and ligaments acting as stops, which was at first only 
regarded, has with time become ever more restricted. In its stead the 
doctrine of the checking of the joint movements by muscles has arrived.” 


Fig. 11. Reflex of standing“; decerebrate preparation: see text. 


“Standing” appears to be the functional meaning of decerebrate 
rigidity. The preparation “stands” (Fig. 11) and maintains its 
“standing” as a continuous reflex even for hours at a time. The 
transection through midbrain seems to set into action or to free 
from higher control, probably from thalamus (Thiele), a reflex 
“standing” which unfettered persists whatever the passive position of 
the animal as a whole. The tonic postural reflex still goes on when the 
preparation is laid upon its side. That the animal still stands when 
laid upon its side may seem an extravagant statement. It merely 


1 Arch, f. Physiol. p. 87. 1902. 
This Journal, XXIII. 858. 1905. 
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implies that in the decerebrate preparation the standing posture is 
largely beyond control by the otic labyrinths. Similarly in the dog 
with spinal bind-limbs the hind-limbs often execute for long periods 
the stepping reflex when lying in the stall sidewise and on the flank. 
The reflex standing of the decerebrate ‘preparation is not broken down 
even by complete inversion of the animal. And that the reflex is in 
large measure independent of the otic labyrinth and nervi octavi is 
indicated by its not being annulled nor sometimes obviously impaired 
by removal of both labyrinths (cat) or severance of both nervi octavi 
(cat, monkey) subsequent to onset of the rigidity. Nor has it been by 
destruction of both labyrinths four days prior to decerebration. The 
longest period over which the observations on this point range has been 
in an experiment in which one labyrinth was removed eight days and 
the other three days before decerebration. In this and other experi- 
ments on this point I had the advantage of the able cooperation of 
Dr 8. Sewell. After decerebration the tonic postural reflex appeared 
as usual and without obvious difference in the right and left sides. 
Nervus ovtavus can, it is true, regulate, adjust and modify the reflex 
standing of the decerebrate preparation. But the reflex posture of 
standing can be maintained even in complete absence of both otic 
labyrinths and after severance of both nervi octavi. These receptors 
and receptive nerves are therefore not essential to the fundamental 
execution of the standing posture. And this agrees with the fact that 
the spinal hind-limbs of the dog after spinal shock has passed are able 
to stand, although less perfectly than is the decerebrate preparation. 
Although the tonic postural reflex persists even when the animal is 
completely inverted, its intensity is favoured by placing the animal 
upright on its feet. It is markedly increased by lifting the preparation 
from shoulders and loins and setting it briskly on its feet a few times in 
succession. With each setting down the extensor attitude of the limbs 
stiffens and the head and tail which before the manceuvre may be 
drooping rise with the increasing tonus of the neck and tail muscles. 
Centripetal impulses from the soles of the feet contribute, as with reflex 
stepping (v. supra, p. 76) little, perhaps nothing, toward the reflex. The 
afferent nerves of the feet may be severed without clear lessening of 
the reflex, just as similar severance does not obviously impair the 
execution of the standing posture when assumed naturally (horse’, 
pigeon’, cat*). The afferents from practically the whole of the skin of 
the limb may be severed without obviously lessening the reflex. The 
1 Chauveau. Brain, xtv. 158. 1891. Ibid, v. supra, p. 76. 
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skin may be removed from the whole preparation and the reflex 
“standing” of the preparation still continue. The reflex is clearly 
proprioceptive. In other words the stimuli exciting and maintaining 
it come not from the environment but from the body itself acting as 
stimulating agent to its own afferent nerves. 

The reflex tonus which thus executes the posture of standing in the 
decerebrate preparation has “ plasticity',” i.e. capacity for local modifi- 
cation in regard to the length of this or that particular muscle or 
muscle-group without disturbance of the tonic tension of the muscle. 


Fig. 12. Muscles observed by direct analysis to be engaged in the reflex tonic contraction 
of the standing posture (decerebrate preparation (eat, dog)). 


1, Crareus and vastus medialis 6. Biceps femoris anterior 
Vastus lateralis 7. Gastrocnemius 
. Adductor minor 8. Soleus (absent from dog) 
Adduotor major (a part) 0. Quadratus femoris 
. Semimembranosus 


1 Q. J. of Expt. Physiol. u. 
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Each such local modification is given by an intrinsic proprioceptive 
reflex. This plastivity appears to meet the requirement that in 
“standing” the posture of the limb may with advantage vary a good 
deal provided always that each joint maintain a resistance sufficient to 
counteract the tendency to double up under the weight it bears. 
Ordinary standing postures (uswstatus') include various degrees of flexion 
at hip and knee and extension is usually less at the former. One 
hind-foot may rest close beside the other or much in advance of or 
behind it. Yet the plastic tonus allows the tonic length of the 
muscle to vary without its tonic tension falling too low to bear the 
superincumbent load. In v. Uexktili’s* terminology the extensors in this 
postural reflex of standing are acting as “ sperr-muskeln.” They secure 
that in the various positions of the joints in standing the tonic tension 
of the muscles shall still continue adjusted to the support the limb 
requires under the standing animal. Reflex “standing” is a sperr- 
reflex.” 

The reflex standing of the decerebrate preparation differs from that 
exhibited by the spinal preparation in its equable steady long-persisting 
character, in its immunity from sudden lapses, in its reliability of 
occurrence and in its plasticity allowing latitude to the exact form of 
standing posture assumed. | 

In the hind-limb (cat, dog) the muscles observed to be contracting 
in this tonic postural reflex of standing in the decerebrate preparation 
are as follows (Fig. 12): 


Biceps femoris anterior Crureus 
Semimembranosus Adductor minor 
Quadratus femoris Adduetor major (in part) 
Vastus lateralis Gastrocnemius 

Vastus medialis Soleus. 


Other muscles as well—particularly I would suspect flex. long. 
digitorum—may be contracting, but only those in which observation 
by the isolation method has ascertained their contraction without any 
doubt are included in the above list. Similarly the following are 
muscles in which absence of contraction in this reflex bas been 


ascertained clearly : 
Psoas magnus Gracilis 
Tensor fascis femoris Tibialis anticus 
Sartorius Peroneus longus 
Semitendinosus Extensor digitorum longus 
Biceps femoris posterior Tenuissimus. 


1 K. Schaefer, Pfliiger’s Archiv, XII. 582. 1887. 
2 Ergebn. d. Physiol. loc. cit. and Umwelt u. Innenwelt der Thieren. 1909. 
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These lists make clear that the same principles of coordination are 
adhered to in the execution of this static reflex as in that of the kinetic 
reflexes above analysed. Hence the term protagonists seems preferable 
to that of prime movers for the main muscles executive of the reflexes. 
For the latter term is inapplicable to the static reflexes since in them 
posture but not movement results. Contracting muscles used at one 
joint as direct executants of the posture serve also as fixators for the 
direct executants of the posture at another joint. Contraction is 
arranged to reinforce passive mechanical effects due to contraction 
elsewhere (v. supra, p. 50). Rotation of the limb at certain joints is 
avoided by balanced action of partially antagonistic muscles. All those 
items of taxis traced above (Sect. 1 and 11) in the kinetic reflexes are 
observable also in this postural static one. 

3. The initiation of reflex stepping during reflex standing. Between 
decerebrate rigidity signifying the reflex attitude of standing and the 
flexion-reflex or extension-reflex of the limb signifying the execution of 
a step the nexus is natural and close. When in the decerebrate 
preparation a stimulus is applied such as by quality and locus would in 
the decapitate preparation excite reflex stepping, the kinetic reflex of 
a step-phase breaks in on the static reflex of “standing.” Suppose 
the stimulus one which gives flexion as the opening phase of the step, 
and the limb in which the reflex is initiated to be the right hind. The 
extensors of the limb are in reflex plastic tonus when the kinetic reflex 
opens. The kinetic reflex at once inhibits the tonic standing contrac- 
tion of quadratus femoris, semimembranosus and biceps femoris anterior, 
extensors of hip; of vasti and crureus, extensors of knee, of gastrocnemius 
and soleus extensors of ankle and also of adductor minor and part of 
adductor major of thigh. While inhibiting the motoneurons of these 
muscles it excites the motoneurons of psoas magnus, sartorius, rectus 
femoris, tensor fasciz femoris brevis, flexors at hip; gluteus minimus, 
a flexor and abductor of hip; semitendinosus, biceps femoris posterior, 
gracilis, sartorius and tenuissimus, flexors at knee; tibialis anticus, a 
flexor at ankle; extensor longus digitorum, a flexor at ankle and 
extensor of toes; extensor brevis digitorum, an extensor of toes; 
peroneus longus, an abductor of foot; and a part of the adductor of the 
thigh. These muscles the reflex found at its outset in a state probably 
of slight tonic inhibition. By these inhibitions and excitations the 
reflex flexes the limb, lifts it slightly from the ground and swings it 
forward. 

This reflex effect on right limb is accompanied by a converse action 
on the left limb. There the muscles which are in tonic contraction 
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under the postural reflex of standing are reinforced in their contraction 
by the kinetic reflex. This is proved for semimembranosus and biceps 
femoris anterior, extensors of hip; adductor minor and part of adductor 
major, adductors and extensors of hip; vastus lateralis, vastus medialis 
and crureus, extensors of knee; gastrocnemius and soleus, extensors of 
ankle. It is go sometimes with quadratus femoris but reflex stepping 
in the decapitated preparation only occasionally actuates this muscle. 
Late in its course the kinetic reflex causes contraction of flexor longus 
digitorum, but that this muscle is engaged in the tonic reflex of standing 
I have not been able actually to see. And in this left limb also the 
kinetic reflex exerts inhibitory besides excitatory influence. The 
inhibition is distributed to semitendinosus, biceps femoris posterior, 
sartorius, and tibialis anticus, and almost certainly to other flexors as 
well, but with these others my observations have not actually dealt in 
this respect. To detect the inhibition in this case meets with the 
difficulty as already mentioned that the muscles on which it is exerted 
are much relaxed at the time when the inhibitory influence is exerted. 
The combined effect of these inhibitions and excitations by the kinetic 
reflex in the left limb is an accentuation of the extensor position 
previously maintained in it by the “standing” reflex. The foot is 
pushed backward against the ground and the body forward and 
somewhat upward as the limb extends. | 
Thus the kinetic reflex of the step so grafts itself on the tonic 
postural reflex of standing that its flexion phase is an interruption of 
the static reflex, its extension phase is an accentuation of the static 
reflex. One of the features of the tonic postural reflex is that although 
systemic and unified in its effect it is of multiple origin. Its source 
although homogeneous in character is multiple in seat, arising in the 
afferents of the widely spread groups of muscles which it causes to 
contract. In each region it is originated by centripetal impulses from 
the muscles of that region. Thus, that part of the reflex which keeps 
the neck supported against gravity arises through the deep afferents of 
the neck ; that part which supports the fore-limb under the weight of 
the fore-quarters arises through the afferents of supra-spinatus, humeral 
triceps, and other extensors of the fore-limb; that which keeps the 
hind-limb extended under the weight of the hind-quarters arises from the 
afferents of the hind-limb extensors, and so on. The reflex posture in 
each body-region is not of course wholly independent of afferents in other 
regions. Thus, passive flexion of elbow and shoulder often provokes 
in the decerebrate preparation heightening of the tonic extension of 
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ipsilateral knee and ankle, and lowering of it in crossed knee and ankle. 
Again active or passive rotation of neck on its long axis in the 
decerebrate preparation inhibits extensor tonus in hind-limb on the 
side of the lowered prima and caused active flexion of knee; and does 
so after severance of both cranial Vths and both octavi. Again, in the 
deafferented vastocrureus (decerebrate preparation) though the steady 


enduring tonus ensuing on decerebration is characteristically absent 


from the muscle, nevertheless from time to time for relatively short 
periods tonic contraction of it occurs traceable to afferent sources 
altogether headward of hind-limb. 

But apart from these exaltations and depressions of tonus which 
are regulative of the reflex posture but not part of its essential basis, 
the broad fact remains that the reflex maintaining the erect posture of 
each region has its source in the proprioceptive afferents of that region 
itself. This holds even to the extent that the source of the decerebrate 
posture of the extensor of the knee is traceable almost entirely if not 
absolutely entirely to afferents of the knee-extensor’ itself. A result of 
this is that although the individual components traceable from these 
several sources all involve a central mechanism between anterior 
colliculus and hinder edge of pons, and combine to one united static 
reflex of “standing,” the resultant systemic reflex can be modified 
piecemeal. Hence a kinetic reflex such as the flexion phase of a step 
upsets the systemic postural reflex of standing only in its own limb and 
leaves it unbroken elsewhere. 

Reflex walking therefore consists in an alterative* innervation 
locally disturbing in due sequence parts of a general tonic reflex. 
A rhythmic series of kinetic reflexes breaks a systemic static reflex 
in each limb in turn but leaves it in force elsewhere. In regions 
other than the limbs the erect posture continues maintained by the 
systemic tonic reflex during walking and running even as during 
standing. And the erect posture is as necessarily contributive to them 
as to standing itself. This does not of course mean that outside the 
limbs the static postural reflex necessarily remains everywhere wholly 
unmodified during the kinetic reflexes of progression: the tail exhibits 
rhythmic lateral movement during the spinal stepping of the hind-limb, 
and the same stimulus which excites the flexion phase of the step 
excites a lateral motion of the tail to the ipsilateral side*; the same is 


Proc. Rey. Soc. B. XXI. p. 845, 1907. N 
* K. v. Tschermak, Folia Neurobiologica, I. 1. 1907. 
Proc. Roy. Soc. B. uxxrx. p. 845. 1907. 
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true of the neck in relation to the flexion- reflex of the fore-limb. Vet 
apart from these details the broad fact is that the general postural reflex 
which maintains the erect posture is modified only piecemeal by the 
kinetic reflexes which execute the step. The successive and simultaneous 
interruptions and reinforcements of the static reflex in its various parts 
by the kinetic reflexes grafted upon it in the several regions permute 
the general static reflex into the composite acts of walking and running. 


The fundamental relation of these reflex acts to the reflex posture of 


— 


standing becomes clearer when this interweaving of the kinetic and 
static reflexes is recognised. 

Why is the reflex stepping of the limb less easily evoked in the 
decerebrate preparation than in the decapitate and spinal? It certainly 
is so (v. supra, p. 70) especially in the hind-limbs. In the late spinal 
preparation (dog) reflex stepping of the hind-limbs immediately sets in 
on letting the limbs hang pendent: when the decerebrate preparation 
is so held stepping does not ensue. The spinal hind-limbs of the dog as 
the animal lies on its side in the stall often execute steps by the half 
hour together. The decerebrate preparation when laid on its side 
does not execute steps but lies with limbs simply steadily extended. 
Reflex “standing” engages the decerebrate preparation and reflex 
stepping may be said to engage the spinal preparation. Another 
rhythmic reflex exhibiting alternate flexion and extension is the 
scratch reflex. This reflex likewise is less readily obtained in the 
decerebrate than the decapitate or spinal preparation. It is the 
existence of rigidity, de. of reflex standing which in the decerebrate 
preparation seems the obstacle to the development of rhythmic alterna- 
ting reflexes such as stepping or scratching. In those exceptional 
cases in which in the decerebrate preparation the rigidity does not 
develop or lapses the proneness to alternating reflexes is greater than 
when rigidity is present. In a series of experiments in which the 
vasto-crureus of one side was deafferented contralateral prolonged 
stimuli which after decerebration excited simply maintained contraction 
in the vasto-crureus of the normal side generally excited in the 
deafferented muscle the rhythmic contraction of stepping. The 
decerebration produced the usual tonic reflex contraction (standing) in 
the muscle of the normal side, but never in the deafferented. The 
influence of the standing reflex seems opposed to the development of 
mn recurrent refractory phase in the kinetic reflex. Similarly 

*in the pepe n encite rhythmic extension 
in the decerebrate N maintained extension. Stimuli which 
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in the former excite rhythmic flexion excite in the latter maintained 
flexion. In the former on withdrawal of the stimulus the rhythmic 
reflex usually still continues for a time and dies out gradually. In the 
latter on withdrawal of the stimulus the maintained contraction if 
extension still continues as a steady very slowly declining posture, if 
flexion is usually succeeded by rebound extension which then continues 
with slow steady decline. A nervous mechanism operative in tbe 
decerebrate preparation and absent in the decapitate suppresses 
refractory phase and thus transmutes alternating reflexes given by the 
spinal centres into continuous reflexes executive of posture. The 
explanation may be that remote stimuli are weaker in the decapitate 
preparation and hence allow of more easy interference by local proprio- 
ceptive stimuli. 

Another effect of this mechanism is the accentuation and prolonga- 
tion of extensor rebound (v. swpra, p. 94). Examination of this marked 
rebound of the decerebrate preparation shows it (1) to be obtainable 
when all nerves of both limbs have been severed excepting only the 
nerve of the extensor muscle itself exhibiting the rebound; and (2) to be 
independent of actual lengthening of the muscle during the precurrent 
inhibitory period on which the rebound ensues. In one case it appeared 
that the rebound ensued’ even when the muscle itself had been 
deafferented. Flexor rebound in the decerebrate preparation is less 
readily obtained. But it occurs. Thus faradisation of central end of 
n. femorals in one thigh, the semimembranosus and semitendinosus of 
the opposite thigh being isolated, causes contraction of the former 
muscle during the stimulus and contraction of the latter on withdrawal 
of the stimulus; the contraction of the latter was accompanied by 
cessation of contraction of semimembranosus. But this post-stimulation 
contraction of the crossed flexor is not always obtainable. 

In the decerebrate preparation extensor rebound markedly ensues 
on the nociceptive flexion-reflex when the nocuous stimuli is not too 
prolonged. In this case the rebound obviously constitutes a compensa- 
tory reaction bringing the limb back to the state of reflex equilibrium 
which had been disturbed by the nociceptive flexion. Here the rebound 
resembles therefore such compensatory reactions as are seen in the 


skate, etc. on forced disturbance of an — posture and are 
ascribable to the otic labyrinth. 


The distribution of the reflex motor discharge during the stimulus and of the rebound 
motor discharge following withdrawal of the stimulus, explains some results otherwise 


difficult to understand. If all the nerves of the limb be severed except superior gluteal 
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and the branch of n. femoralis to vastocrureus ; and if psoas parvus and magnus and the 
glutei and all muscles attached to the trochanters and intertrochanteric line be resected 
from their insertions, the muscles remaining operative on the limb are tensor fascis 
femoris and vastocrureus. The reflex result of stimulating the central end of an ipsilateral 
afferent nerve, e. g. n. peroneus, is then flexion at hip and slight flexion at knee during the 
stimulation. This is followed on withdrawal of the stimulus by active extension at knee, 
hip and ankle. That is tensor fascis femoris responded during the stimulus, vastocrureus 
after the stimulus, Again, if all nerves of the limb including superior gluteal be severed 
except hamstring nerve, and if psoas parvus and magnus be resected from their insertions 
the muscles remaining operative in the limb are anterior and posterior biceps femoris, 
semimembranosus and semitendinosus. The reflex result of stimulating an ipsilateral 
afferent nerve is then flexion at knee with, if the reflex be strong, slight extension at hip. 
This is the result during the stimulation but after withdrawal of the stimulus there follows 
strong active extension at hip, knee and ankle. That is, posterior biceps femoris and 
semitendinosus responded during the stimulus, anterior biceps femoris and semimem- 
branosus after the stimulus. Other examples with tibialis anticus, gastrocnemius, etc. 
occur, all explicable in the same way. 


IV. Rertex WALKING. 


Reflex stepping movements of the hind-limb (cat, dog) though less 
easy to evoke in the decerebrate preparation than in the decapitate 
are in the latter when evoked of a more effective character. Reflex 
stepping movements of the limbs even when including all four limbs 
timed in appropriate sequence yet of themselves alone do not constitute 
a complete reflex act of walking or running. For this they must be 
duly combined with the general static reflex maintaining erect posture 
of head, neck, trunk and tail. The greater efficiency of the reflex 
stepping when evoked in the decerebrate preparation as compared with 
the decapitate seems traceable to two factors. 

(1) The extensor phases of the stepping movement are more 
vigorous. In other words that prespinal mechanism which importantly 
contributes to standing contributes also to the extensor phase of the 
movement of the step. It reinforces by its adjuvant action each 


extension phase whether primary or due to rebound. This adjuvant 


action is therefore added to the factors of the reflex step in the more 
complete form in which the step occurs in the decerebrate preparation. 

(2) The stepping movements of the limbs are combined with the 
tonic reflex which maintains the erect position of the animal as a 
whole. 

In virtue of these two factors the performance of mere stepping 
movements as exhibited by the decapitate preparation is amplified in 
the decerebrate preparation into the performance of actual walking and 
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running —im perfect it is true especially in regard to equilibrium, 
the regulation of which is almost entirely wanting, but nevertheless 
amounting to a certain measure of effective locomotion. 

As to what nervous mechanism it is which, present in the decerebrate 
preparation and absent from the spinal, contributes so importantly to 
reflex standing and to the extensor phase of the step, and tends to 
convert alternating reflexes into tonic postures by suppressing refractory 
phase, a main portion of it clearly lies between the levels of anterior 
colliculus and hinder edge of pons. It can hardly be the otic labyrinths 
for their bilateral destruction leaves these reactions still elicitable. 
The paracerebellar nuclei’ are within the confines of the region to 
which the reaction is traced. Whatever the morphological field of the 
‘mechanism it is clear that its removal exerts at first a depression 
amounting to annihilation of reflex standing and to great weakening 
of the step especially of the step’s extensor phase. Gradually in the 
course of weeks and months both reflexes recover partly. The recovery 
however never in my experience amounts to full qualitative restitution 
of the original reactions in which the prespinal mechanism participates. 


SUMMARY OF CONCLUSIONS. 
Sections I and II. 


The reflex movement elicitable from all extero-ceptors of the limb 
except some at its attached base is (excluding extensor-thrust) primary 
flexion of the stimulated limb and extension of the contralateral fellow 
limb. This primary movement tends to be followed by active movement 
in the opposite direction. A similar reflex is obtained from the deep 
afferents of the limb and can be evoked by proprioceptive stimuli, 
e. g. passive and active movements of the limb. , 

The flexion-reflex and the extension-reflex exhibit in their reflex 
figures (simultaneous coordination of the musculature) the following 
features :— 

1. Muscles the directions of whose main pull as prime movers 
at one and the same joint are opposed are dealt with by reciprocal 
innervation. 

2. Protagonists at a given joint are used at the same time as 


fixators of that joint for protagonists at adjacent joints. 8 


Thiele, this Journal, XXII. 358 ; Horsley, Brain, XXIX. 455. 1907. 
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3. Where a muscle (A) acts at a joint a and with less ample effect 
at another joint 8 and a muscle (B) opposes A’s action at 8 but by so 
doing enhances it at a, the reflex deals with the two muscles, not by 

“reciprocal innervation ” but by “identical innervation,” i.e. A and B are 
excited together or are inhibited together. 

4. A muscle pair AB such that both its members contribute a 
component pull in the direction of the general resultant movement 
of the reflex, but with the remaining component of A opposed to the 
remaining component of B, are dealt with not by “reciprocal innervation” 
but by “identical innervation.” 

5. Muscles which apart from contraction and simply as passive 
strings amplify the action of a flexor so that the latter besides flexing 
its own joint flexes other joints as well (Lombard, etc.) are thrown into 
contraction along with that flexor. And similarly with muscles which 
similarly amplify the action of an extensor, they are excited with that 
extensor or inhibited with that extensor. The passive behaviour of the 
limb-mechanism is thus not overridden or counteracted by the neural 
taxis but is reinforced by it. 

6. Displacements which contracting muscles in virtue of their 
movements impose on joints situate beyond their actual attachments 
(Fischer) are not counteracted by the neural taxis but are supported 
and reinforced by it. The mechanical effect is enhanced by the 
contraction of additional muscles. The mechanical behaviour of the 
passive limb-mechanism is thus reinforced by the neural reflex-taxis. 

7. Where a muscle group has a main action at right angles to the 
main direction of movement of the reflex, but of the group some members 
(A) exert in their pull a component parallel with the main action of 
the reflex and other members (B) a component opposed to the reflex’s 
main direction, the A members are excited to contract along with the 
prime movers of the reflex, the B members are inhibited along with 
the antagonists of the prime movers. 

8. A double-joint muscle such that its action is flexion at one 
joint and extension at the other is not used as a prime mover at both 
but only at one, probably always the same, joint. Hence in reflexes of 
diametrically opposed direction, e.g. flexion- reflex and extension-reflex 
of limb, no muscle in the limb appears to participate by contraction in 
both of the two reflexes. 

9, The reflex action in many cases does not treat as entities 
muscles regarded as such by anatomical nomenclature. 
10, A strong reflex does not necessarily employ more muscles than 
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does a weak example of the same reflex; it excites and inhibits the 
same muscles as the weaker reflex but excites and inhibits them more 
intensely. 


Section III. 


The reflex excites and inhibits in the decerebrate preparation the 
same limb-muscles as in the spinal preparation, de. the reflex-figure is 
the same in both cases. But the reflex response of individual muscles 
differs in the two cases in certain respects. In spinal preparations the 
reflex threshold for extensors tends to be higher than for flexors, and 
the intensity of extension reflexes to be less than of flexion-reflexes. 
In the decerebrate preparation the reflex contraction of an extensor 
is accompanied by an autogenous tonic reflex which prolongs the 
contraction; this is absent from the reflex contraction of flexors, 
and is also absent from that of extensors in the decapitate preparation. 

In the spinal preparation both flexion and extension reflexes 
initiated by stimuli situate outside the responding limb itself tend 
if the stimuli be not quite brief to be rhythmic owing to development 
of central refractory phase. In the decerebrate preparation stimuli 
similar to the above move the limb into a position (flexion with flexion 
stimuli, extension with extension stimuli) which is steadily maintained 
during the continuance of the stimulus, and no refractory phase or 
rhythmic response is developed. On withdrawal of the stimulus there 
is however usually a rebound contraction opposite in sense to that of 
the opening movement. This rebound is traceable to post-inhibitory 
exaltation of the centres inhibited during the reflex. Extensor-rebound 
after a flexion-reflex occurs more regularly than flexor-rebound after 
an extension-reflex. These differences between the reactions of the 
decerebrate and spinal preparations are more marked when the former 
is exhibiting decerebrate rigidity than when as occasionally N that 
rigidity does not develope or has lapsed. 


Section IV. 


The fiexion-reflexes excited by stimuli applied to the skin of the 
reacting limb itself are elicited best by nocuous stimuli. The flexion- 
reflex is here nociceptive and its significance is self-protection. Besides 
the withdrawal of the limb itself the n reactions in other regions 
of the body testify to the protective “ purpose — 
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But reflex flexion can be elicited from the limb by application to 
it of stimuli non-nocuous in character, eminently by proprioceptive 
stimuli in the form of passive movement. Thus in the dog with spinal 
hind-limbs, simply allowing the hind-limbs to hang freely pendent 
excites a rhythmic flexion and extension (Freusberg’s reflex) which is 
reflex “stepping” and continues as long as the pendent position of the 
limbs is maintained. 

Similar reflex stepping is obtainable in the decapitate preparation 
(cat, dog) even when lying on its side or inverted, by skin stimuli 
applied at any of a number of points outside the area of the reacting 
limb itself. These skin stimuli though continuous and equable evoke 
the rhythmic alternating movement constituting stepping. Stimuli 
which in the decerebrate preparation evoke during their continuance 
a maintained limb-flexion evoke in the decapitate and spinal pre- 
paration “stepping” with flexion as its opening phase. Stimuli 
which in the former preparation evoke maintained extension, in the 
latter evoke “stepping” with extension as its opening phase. 
Faradisation of certain points in the exposed cross-section of the cord 
causes stepping of the ipsilateral hind-limb with flexion as its opening 
phase, often accompanied by less vigorous stepping of contralateral 
hind-limb converse in phase but synchronous with that of the ipsilateral 
limb. In these cases there evidently occurs a central refractory period 
for the primary response and this recurs rhythmically and is at each 
appearance accompanied by a response of the previously irresponsive 
antagonistic centre for movement opposed to the primary movement. 
An alternating reflex thus results. 

The suppression of the primary response and its replacement by one 
of opposite direction appears to arise in the following way. The move- 
ment of the primary response evokes in the limb proprioceptive stimuli 
which antagonise the primary remote stimulus and evoke a limb move- 
ment in the reverse direction, and this as it is accomplished generates 
a new proprioceptive stimulus operating in the same direction as the 
original primary stimulus, so that the original movement then sets in 
anew. From this interference of phasic secondary proprioceptive 
stimuli with the continuously applied exteroceptive (or centrally applied) 
stimulus a rhythmic alternating response results. 

The muscles employed in the flexion phase of the reflex step are those 
employed in the yociceptive flexion-reflex and as regards their simul- 
taneous coordination are employed in the same way as in that reflex. 
The reflex taxis of the flexion phase of the step exhibits therefore the 
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same principles of coordination of the limb musculature as were shown 
for the flexion - reflex. Similarly the muscles employed in the extension 
phase of the step are those employed in the crossed extension- reflex, 
‘and the principles of simultaneous coordination of the musculature are 
the same as in that reflex. 

Cutaneous afferents of the limb are inessential for the reflex step. 
The reflex step is as regards the afferents of the stepping limb itself 
essentially a proprioceptive reflex. Hence the normal stepping (cat, 
dog) is curiously little disturbed by denervation of the foot or ansesthesia 
of the limb-surface. | 

No muscle which contracts in the flexion phase of the reflex step 
appears to contract in the extension phase. The reflex centres excited 
in the one phase are inhibited in the other. Each of the centres has 
thus its systole and diastole and the reflex can continue for long periods 
without obvious fatigue. But in some cases the diastole of one or other 

of the opposed centres is incomplete. 
In the bipedal form of the reflex step proprioceptive stimuli arising 
in the crossed limb reinforce by crossed reflex effects both the extension 
and the flexion phases of the stepping of the fellow limb. 

Post-inhibitory central rebound reinforces the reversals of phase of 
the reflex step. This seems especially the case for that phase of the 
movement which corresponds with the refractory phase of the distant 
initiatory stimulus and especially when that phase is extension. Post- 
inhibitory rebound in the form of extension is ascertained to cause 
contraction in those muscles which contract in the extension phase of 
the step. 

The decerebrate rigidity observable after mid-brain transection is a 
tonic postural reflex; it is in fact reflex standing, i.e. standing purely 
reflexly maintained. The plasticity of its reflex tonus has the effect of 
allowing considerable latitude to the exact posture maintained in the 
standing; the relative positions of the different body-regions may vary 
considerably and the reflex tonus nevertheless support the weight of the 
several parts and the preparation still “stand.” The reflex is characterised 
by maintaining this plastic tonus in all those muscles which in the normal 
erect posture of the animal counteract gravity, and in no other. In the 
reflex all these muscles are therefore acting in v. Uexkiill’s sense as 
“sperr-muskeln.” Standing is v. Uexkiill’s sense a “sperr-reflex”; it 
is significant that the cutaneous afferents of the limbs and indeed of the 
body generally have no share in it so that it like the step-reflex is 
entirely proprioceptive. Also the otic labyrinths are not indispensable 
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to the reflex: both labyrinths may essentially under certain cireum- 
stances be destroyed or both n. octavi severed without abolition or 
marked impairment of the reflex standing; the labyrinths can modify 
the reflex posture but the execution of the posture is not essentially 
dependent on them. 

It is this tonic reflex which in part causes the decerebrate pre- 
paration to suppress the refractory periods characteristic of the reflex 
response of the limbs shown in the decapitate and spinal preparation. 
It thus changes rhythmic stepping movement into assumption and 
maintenance of an attitude, namely standing. 

Reflex standing employs contraction of the same muscles as contract 
in the extension phase of the step. In it as in the latter reflex the 
antagonists of the protagonist muscles are not contracting—there is 
some evidence that they are under tonic inhibition. 

The prespinal mechanism involved in reflex standing cooperates 
also in the extension phase of the reflex step (in the decerebrate 
preparation). It also cooperates with the reflex stepping movements 
of the limbs amplifying their effectiveness by maintaining the erect 
posture of the body during the acts of walking, running, etc. In these 
acts there is a grafting of proprioceptive refloxes executing the phasic 
flexions and extensions of the limb upon a tonic proprioceptive reflex 
actuating the muscles which counteract gravity in the erect posture 
(usustatus) of the animal. The reflex-stepping of the decapitated 
preparation is thus in the decerebrate preparation amplified into reflex 
walking or running, although of imperfect kind. 
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FATTY ACID METABOLISM IN THE LIVER’. I. A 
METHOD OF FATTY-ACID EXTRACTION. By 
V. H. MOTTRAM, Fellow of Trinity College, Cambridge. 


THE object* of this work has been to evolve a method that (i) is consistent 
with itself to 1%, (ii) yields more fatty acid than the Rosenfeld method, 
(iii) does not oxidise the fatty acid in the process of drying and extraction, 
and (iv) gives a pure product. But in addition an interesting set of 
observations that bear upon Leathes’ theory of the function of the liver 
in fatty acid metabolism has been made in the course of the investi- 
gation and will be dealt with briefly in the concluding paragraph. 

It is obvious to anyone who has followed the estimation of fatty 
acids in organic tissues that until the papers published by Glikin’, 
Leathes“ and Kumagawa and Suto’, researchers who advocated 
various methods were not certain (i) that their method extracted the 
total fats (or fatty acids“) in the tissue; (ii) that it did not destroy 
the fats (or fatty acids“) in the processes of extraction and drying; and 
(iii) that the extract was pure fat (fatty acids or soaps‘). 

Inferential arguments alone can meet the first two uncertainties. 
We can never have an absolute certainty as long as we are estimating 
substances in organic tissues. The third, Leathes and Kumagawa and 
Suto, who show that a Rosenfeld ether extract of liver or muscle may 
contain 40% impurities, have proved to be only too well founded. 

By “fatty acid” is meant throughout this paper the non-volatile 
higher fatty acids which are soluble in petrol ether (B.P. 40—60°C.) 


1 Part of the expenses of this research has been defrayed by a grant from the Royal 


® The method has been already sketched in a previous Paper. This Journal, XXXVIII. 
p. 291. 1909. 

3 Pfliiger’s Arch. xov. p. 107. 1903. 
Proc. Physiol. Soc. p. 1. 1904. (This Journal, xxx1.) 

5 Biochem. Zeitschr. vu. p. 212. 1908. 

The methods of Liebermann and Kumaga wa estimate fatty acids—the former as 
soaps. 
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and form potassium salts soiuble in 50°/, alcohol. It is these and these 
only that have been estimated. 


I. THE METHOD ADOPTED. 
(a) General sketch of the Method. 


The method is substantially as follows: 

The organ (liver) is cleared from visible fat and connective tissue and 
minced. A weighed portion is dissolved in 60°/, caustic potash. The 
fatty acids are precipitated by mineral acid and extracted with ordinary 
ether. The resulting extract (consisting of acid hematin, fatty acids, 
cholesterol and other lipoids) is dried, dissolved in petrol ether and 
filtered. The resulting solution of lipoids is separated into soaps and 
unsaponifiable substances by means of a saturated solution of caustic 
potash in absolute alcohol diluted with distilled water to twice its 
volume. The soaps are separated, the fatty acid reprecipitated and 
extracted with ether. 

As originally described! the crude fatty acids were dried in vacuo at 100 » O. and 
weighed. The unsaponifiable substances were then extracted, dried in vacuo at 100°C. and 
weighed. The difference between the two weights was taken as acids. 
This procedure was soon discarded as requiring two sets of weighings, and yielding no 
fatty acids for the iodine value estimation without a further weighing. 

By shaking the solution of lipoids in petrol ether with alcoholic potash, the potassium 
salts of the fatty acids pass into the 50 % alcohol. They can then be run off, the fatty 
acids reprecipitated by mineral acid and extracted with petrol ether. This represents a 
saving of 6 to 8 hours, and is now always adopted. 

The solution of purified fatty acids is then filtered, dried in vacuo 
at 100°C. and weighed. The iodine value estimations are carried out 
on the fatty acids thus obtained. 

The various modifications of the method are detailed below as they 
became necessary, and an account of the method as now carried out 
with practical details is given at the end of the paper. 


An attempt was made to substitute petrol ether for ordinary ether 
in the first extraction. It was thought that this would avoid the 
extraction of acid hematin, lactic acid and the other non-lipoid 
substances unfortunately soluble in ether, and save the subsequent 


1 This Journal, loc. cit, 
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purification of the ether extract. But petrol ether, in the presence of 
the hydrolytic products of the liver, behaves in so fickle a way as to 
make its use impossible. Not only did it form intractable emulsions, 
but the results were, on the whole, unreliable. Sometimes good results 
were obtained’, but normally there were big errors, as the following 
figures show. 
Expr. 1. Bullock's liver, minced, and portions weighed out into Schott and Gen flasks. 


As much 60 % KOH solution as gms. liver added, and the whole boiled 3 hrs. on a water- 
bath. Subsequent treatment as above. 


Weight of liver Fatty acids obtained % of fresh liver lodine value 
23-20 gms. 1-4808 gms. 6°38 107 
81°25 1-7282 5°53 104 
27-08 17662 6°52 111 
25°82 17878 6°85 116 


Two other experiments yielded results as bad. The fatty acids, 
however, when examined showed no trace of “unsaponifiable substance, 
so that the method, if it gives irregular results, yields a pure substance. 
These irregularities were immediately overcome on reverting to the 


original method. 


xe. 2, Lamb's liver, minced, mixed and portions weighed out into Schott and Gen 
flasks. Boiled with 60°/,KOH as usual, 3 hours. The resultant solutions diluted 
somewhat, cooled and made up to 250c.c. Aliquot parts taken at once (60c.c.) and 
extracted as described above. 


Weight of liver Fatty acid °/, of fresh liver Iodine value 
(a) 38°35 gms. 0-6772 gms. 7°36 115 
(b) 42°10 0°7492 7-42 119 
Error +0-41 17 


Two days later two more aliquot parts were pipetted off (50 c. e.). The soaps had risen 
to the surface and it was difficult to mix the solution thoroughly. ; 


Fatty acid 0% of fresh tissue Iodine value 
(a) 06373 gms. 8°32 117 
(b) 072388 8°58 | 120 


All difficulties disappeared on the adoption of ordinary ether“, the 
troublesome emulsions met with when using petrol ether were almost 
absent, the fatty acids were less pigmented, and the results of the first 
aliquot parts taken showed a good agreement: error + 0°41 %, 


1 See this Journal, XXVII. p. 291. 1909. 

See Lewkowitsch, Chemical Oils, Fats and Waxes. 
(4th Ed.). vol. 1. p. 368. 

Commercial ether sulph. 
(loc. eit. ]). 
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higher results in the estimations of the liver solutions allowed to stand 
two days were put down at the time to the separating out of the soaps 
that was observed to take place. As a matter of fact that the first 


estimates agreed so well was a lucky accident, as the next paragraph 
will show. 


(c) The impossibility of using aliquot parts of the caustic potash 
solution. 


An attempt to save time in weighing portions of the organ for 
parallel estimations, by taking aliquot parts of a large quantity of 
caustic potash solution of liver, led to disaster. Sometimes the experi- 
ment succeeded, but only when the fractions taken were a large part of 
the whole (eg. 4) or were pipetted off immediately after solution. The 
soaps separate out so rapidly that the experiments often fail. 

Exr. 8. Bullock's liver, minced. Two portions weighed out into Schott and Gen 


flasks and dissolved 3 hours on a water-bath with 60% caustic potash. Each portion on 
cooling was made up to 200 C. c., 100 c. 0. were taken. 


Weight of liver Fatty acid %% of fresh tissue Iodine value 
(a) 30°45 gms. (i) 04947 gms. 187 
(ii) 0°4894 8°21 136 
(b) 24°08 (i) 0°3929 8°26 136 
Mean 8°24 136°3 
Error +0-67°%, = 03°, 


Small glass stoppered flasks were used in this experiment for the final distillation in 
CO, and for the weighing. 


The experiment must be counted a success in spite of the use of 
aliquot parts. The error is + 0°67 °/,. 


taken for each estimation. Weights of liver (a) 52°08 gms., (b) 45°47 gms. 


Fatty acid % of fresh tissue '  Jodine value 
(a) 06986 gms. 5°69 108 
0°5914 6067 112 
0˙5911 5°67 
— — 109 
Mean 5°677 109°7 
05090 6060 104 
0°5201 5°72 109 
0˙5071 5°58 103 
(100 0.0.) 10402 5°72 110 
Total 2°5764 Mean 5°66 108°7 


Error on means 40-15 & 0-46 % 
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It will be seen that whereas in the first set of estimations the taking 
of aliquot parts does not influence the accuracy of the results, in the 
second the error introduced is great. The means of the two sets of 
results agree excellently. 

One other experiment may be briefly meptioned. 


Exp. 6. 126-7 gms. calf’s liver treated as above, solutions made up to 500 c.c. and 
50 c.c. used for each estimation. 


Fatty acid Iodine value Fatty acid Iodine value 
0°2850 gms. 140 0°2954 gms. 131 
0-2669 135 0-2892 141 
0°3543 134 02992 128 
0°2962 140 


After this result (which gives some evidence that the soaps fraction- 


ate out) attempts to use aliquot parts of the liver solution were finally 
abandoned. 


(d) The influence of the time of solution, 


An early experiment suggested that the time the liver was heated 
with caustic potash materially affected the resulting amount of fatty 
acid obtained. 


Expr. 6. Bullock’s liver treated as above. Two of the portions, (a) and (6), dissolved 
with great difficulty owing to the quantities taken being small for the litre flasks used. 
Solution was completed only shortly before the end of the three hours. The other two 
dissolved rapidly and completely. 


Weight of liver Fatty acid % of fresh tissue Iodine value 
(a) 11°17 gms. 0-3500 gms. 3-18 143 
(db) - 12°90 0-4052 8°14 — 
(e) 17-40 0°5593 8°21 2 146 
(d) 16°93 0°5402 8°19 144 
Error of (e) & (d) +0°32 % 40˙7 °), 


The first pair agree with each other, and the second also as closely 
as is necessary in estimation, but between the means of these pairs the 
disagreement is hopeless, It will be seen that the two portions that 
dissolved slowly, yield less fatty acid than those that dissolved rapidly, 
but as the iodine value is the same, approximately, this cannot be due 
to oxidation but rather to defective hydrolysis. It may not be out of 
place here to insist on the necessity of rapid solution in caustic potash, 
since several imperfect results have been traced to insufficient care in 
shaking the flasks during the early stages of dissolution. 


ANN. 
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Further experiments were then made to determine the length of 
time of solution that yields the largest amount of fatty acid. 


Exr. 7. Bullock's liver minced and weighed off into pressure bottles (about 150 0. o. 
capacity) ; to these the requisite quantities of 60 p.c. KOH were added. -The bottles were 
then exhausted of air, the corks securely tied-in and immersed for varying times, with 
frequent shakings, in a water-bath. The rest of the estimation proceeded as usual. 


Weight of liver Tune of solution Fatty acid 9% of fresh tissue Todine value 
(a) 9% 76 gms. br. 04870 gms. 5-00 124 
(b) 18°78 1} hrs. 07118 5°18 128 
(e) 15°08 3 07765! 5°15 125 
(d) 15°10 44 0°7844 5°19 128 


Mean of (b), (e) & (d) 5177 Mean 1263 
Error +032 % Error +1°41°/, 


It will be seen that half an hour on the water-bath is insufficient, 
whereas from 13 hours to 43 hours there is no change in the recovered 
fatty acids. This observation has a twofold value: (i) the time of 
solution may be reduced from 3 hours to 14 hours—a considerable saving, 
and (ii) it shows that the fatty sents are not ee by the re 
caustic potash used. 


This important observation was s confirmed by. the following experi- 
ment. 


Exr. 8. Rabbit, weight 3600 gms., without food 18 hours, killed by rapid bleeding. 
Liver, weight 84-65 gms., minced as usual, portions transferred to pressure bottles and 
treated asin Exr. 7. 


Weight of liver Time of solution Fatty acids % of fresh tissue Iodine value 
9°50 gms. 0°3798 gms. 4-00 104 
10°29 0-4042 99 
12°88 43 06111 3°97 — 
10°61 0-4215 8°97 104 
Mean 8°97 102-3 
Error 40°63 °, 23°, 


(e) The effect of absence of oaygen during solution. 


The rapidity with which the fatty acids of the liver 4 . been 
emphasised by Hartley“, and it has been shown that in drying fresh 
tissue in a hot air oven considerable oxidation takes place“. It was 
therefore necessary to see if the carrying out of the solution in caustic 


1 This weight should be somewhat higher, RÄ 
petrol extract, necessitated another filtration. 

2 This Journal, AVI. p. 17, 1907, and xxxvmr. p. 353, 1909. 
This Journal, XXVII. p. 291. 1909. 
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potash in the presence of air caused a diminution of the yield of fatty 
acid. As a matter of fact it could be argued that during solution there 
is little air present, the gases in contact with the fluid being mainly 
water-vapour. In three experiments done to ascertain the amount of 
oxidation, it was found to be nil. 


Exp. 9. Bullock's liver. Two portions treated as in Exp. 7, and two others similarly 
except that the pressure bottles were left uncorked. Time of solution 3 hours in every case. 


Weight of liver Fatty acids 0% of fresh tissue lodine value Remarks 
20°57 gms. — — 98˙2 vacuum 
12°10 1°8447 gms. 15°25 949 
13°60 2˙1082 15°50 99°6 éhe 
12-90 1/9618 15°21 96°6 

Mean 15°32 97°3 

Error + 0°84 °, 21°), 


This not altogether satisfactory experiment (in view of the large 
amounts of fat present and the low iodine values) was 8 on 
another sample of bullock’s liver. 


Expr. 10, Bullock’s liver treated as in Exr. 9. 


Weight of liver Fatty acids 
10-24 gms. 16548 gms. 16-15 89-7 
9-86 15741 15°96 91-4 
10°70 1-6974 15°86 89-8 air 
Mean 15°99 90°38 
Error + 0°75 + 0˙86 % 


As in Exp. 9 there seems to be no oxidation taking place, but the 
results are slightly in favour of using a vacuum. The experiment was 
repeated with the liver of a cat that had been fed for the previous four 
days on herrings. As Leathes' bas shown such feeding always raises 
the iodine values of the fatty acids of the liver. This course was 
adopted to give the greatest possible chance for oxidation to take 
place. 


Exp. 11. Cat's liver treated as in Exe. 9. 


Weight of liver Fatty acid % of fresh tissue lodine value Remarks 
13°78 gms. 21864 gms. 15°52 156 
977 1-508 15°38 
9-90 1-4889 15-04 157 
10°81 15812 15°34 


Analysis of a sample that had been allowed to autolyse at 37 ° C. in vacuo two days and 
was dissolved in KOH out of contact with air, yielded 15-52 per cent. fatty acid, with an 
iodine value 154. Mean of iodine values 184 2. Error + 1-6 p. c. 


1 Lancet, Feb. 27th, 1909. 
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It is therefore clear that, even with highly oxidisable fatty acids in 
the liver, the oxidation that takes place during solution is negligible. 
There is a slight advantage however in hydrolysing in vacuo, but at 
present I have no explanation to offer of this, unless it be that hydrolysis 
is often increased and hastened under pressure. The large evolution of 
ammoria from the liver during solution must raise the pressure within 
the pressure bottle. To secure this advantage the bottles are now always 
stoppered, and to prevent any possible oxidation under these circum- 
stances the air is abstracted. 


(f) The effect of a preliminary autolysis of the tissue. 

It was thought that any fatty acid linkage not broken down by 
caustic potash would conceivably succumb to the autolytic ferments 
present. Consequently several autolysis experiments were carried out. 
At the same time the possible synthesis of fats from carbohydrate (?) 
and the “desaturation” of fatty acids in anwrobic and antiseptic 
conditions were studied’. 

Exp. 12. A preliminary experiment was made on the liver of a cock that had been 
without food from the previous evening. One portion of the minced liver was analysed at 


once as in Exp. 7; the rest after a two days’ autolysis in the presence of toluol and air at 
87°C, 


Weight of liver Fatty acid 9% of fresh tissue Iodine value Remarks 
91 gms. 0-2751 gms. 3°02, 104 control 
61 0°1849 8-03 118 autolysis 

Mean 8°025 108°5 
Error +0°16 %% + 82°, 


The estimations agree excellently as regards percentage fatty acid, 
but the iodine values disagree. This, though not surprising in view of 
the small amounts of fatty acid at disposal for estimation was considered 
worthy of further attention (see below). 

The later experiments were made with livers that autolysed in 
vacuo. 


Exp. 11 4, for protocol of control see Exr. 11 above. The sample for autolysis was 
weighed off into a pressure bottle, toluol was added and the bottle exhausted of air. The 
liver autolysed at 87°C. for two days. Abundant evidence of autolysis was shown, but the 
liver showed no signs of putrescence. 


Weight of liver Fatty acid % of fresh tissue Iodine value Remarks 
14°41 gms. 2°2355 gms. 15°52 154 autolysis 
15°45 158 mean of twocontrols 
Mean 15°485 158°5 
Error + 0°23 % * 033°, 


1 Lancet, Feb. 27th, 1909. 
PH. XL. 9 
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There is obviously no estimable difference between the aubolysed 
liver and the controls. 


Exp. 18. ĩ 
The animals had been without food for 20 hours. Weights of livers 6160 gms. and 
80°15 gms. respectively. These were minced and mixed, two samples weighed out for 
immediate analysis, and two allowed to autolyse in presence of toluol and absence of air 
two days at 87°C. Analysis as usual. A third sample for antolysis was not weighed and 
the autolysis took place in air. ) 


Weight of liver Fatty acid % of fresh tissue Iodine value . Remarks N 
9-90 0-2942 2-97 107 

8 8-00 104 

e) 11˙14 0˙3825 — anmrobic 

6% 10°80 0-3283 3-04 108 autolysis 

— 03806 101 semisrobic autolysis 
Mean of (2) to (d) 8-00 106°3 . 
Error £085%, 14% 


There is then no evidence in these experiments that an antiseptic 
anwrobic autolysis produces a greater yield of fatty acid than a direct 
solution in caustic potash. Evidence will be given below that 
autolysis does not influence the nature of the fatty acid as evidenced by 
its iodine value. It is almost inconceivable that no alteration in the 
nature of the fatty acids in an antolysing tissue would be compatible 


with a change in the amount present, and thus the above experiments 
receive an indirect confirmation. 


(g) Comparison with Rosenfeld’s method. 


That Rosenfeld’s method of fat estimation yields a product that is 
not pure fat has been pointed out again and again. It was thought 
necessary however to compare the method adopted with Rosenfeld’s and 


to hydrolyse the ether extract obtained by the latter method and purify 
the fatty acids from it for direct comparison. 


Exp. 14. Bullock's liver minced, three samples taken for control, and one large sample 
for a Rosenfeld estimation. The former were treated in the usual way, the latter dried to 
constant weight in vacuo at 100° C. It was then thoroughly ground, re-dried, and weighed 
portions extracted twice with absolute alcohol and chloroform. The extractions were 
pushed somewhat to extreme in order that all extractible substances should be removed. 
The extracts were evaporated in a stream of CO, to dryness, taken up in ether and filtered 
into a weighed bottle, again evaporated to dryness in CO, and farther dried in vacuo at 
100°C, till of constant weight. This crude ether extract (which is solid at 100°C. 1) was 
then hydrolysed with 50 0.0. strong alcoholic potash for three hours. The resultant fluid 
was then treated exactly as if it were a solution of fresh liver in caustic potash and the 

pure fatty acids prepared from it. 
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Results. (i) The method under investigation. 


Weight of liver Fatty acids % of fresh tissue Iodine value 
15°90 gms. 0°5611 gms. 8-53 148 
18°67 0°6595 8°53 148 
18-06 0°4554 8°49 148 
Mean 148 
Error +0°54 9% nil. 
(ii) Rosenfeld. 
66°53 gms. fresh tissue - 19°60 gms. dry. 1 gm. dry =3-394 gms. fresh tissue. 
Weight of dry liver 2 Orude extract % of fresh tissue 
7°3825 gms 25°06 gms. 1°4875 gms. 5°94 
48203 16°36 10226 6°11 
6°1099 20°78 1-2195 5°88 
Iodine value of 
Pure fatty acids % of fresh tissue pure fatty acids 
— — 134 
0°5438 gms. 8-32 184 
0°6495 3-18 188 
Mean 38-225 135˙3 
Error +29 % 4 14%, 


__ The method is therefore not only less tedious (four parallel estima- 
tions can be made in 24 days), but produces more fatty acid than 
Rosenfeld’s (in the relation of 100 : 92) and does not oxidise the fatty 
acid in the process. The Rosenfeld estimations, though not agreeing? 

very well, are favourable to the method: the tissue was dried in vacuo, 
thus avoiding oxidation. 


(h) Detailed description of the method. 

After the removal of visible fat and connective tissue the organ is minced, and 
thoroughly mixed. Portions (10—15 gms.) are then introduced through a funnel into 
weighed pressure bottles of about 150 c. c. cubic content. The bottles are then weighed 
again and to each is added as many c.c. 60 p. c. caustic potash as there are grammes of 
fresh tissue, The bottles are then stoppered with rubber-stoppers and exhausted of air by 
means of a water-pump. Next they are immersed in a boiling water-bath for 14 hours, 
during the earlier part of which time they must be frequently shaken. Neglect of this 
precaution leads to anomalous results. The caustic potash solution is transferred hot to a 
conical separating funnel of 250 C. 0. capacity, the stoppers of which have previously been 
moistened with glycerine. The pressure bottle is rinsed thoroughly into the separating 
funnel with warm water, and the combined solutions cooled under the tap. 20 0. c. strong 
hydrochloric acid are added slowly and a copious precipitate results, The acid solution is 
cooled under the tap and shaken for 30 secs. with 50 c. o. purified ethyl ether, A separation 
occurs very rapidly. The acid is run off into a beaker until the precipitate which rises to 
the junction of ether and acid begins to leave the funnel. The ethereal solution of fatty 


1 Due, probably, to imperfect hydrolysis of the Rosenfeld extract. This difficulty in 
hydrolysis is not surprising in view of the large amount of waxy impurities in the 
Rosenfeld extract. a 
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acid ete., is then siphoned off into a CO, flask and the funnel rinsed twice with 10 0.0. ether. 
The rinsings are siphoned off in the same way. 

The precipitate is dissolved in a few drops of strong caustic potash and shaken with 
50 b. 0. ether for 80 secs. Before the emulsion has time to settle the acid solution from the 
beaker is added to the separating funnel and the mixture shaken for a further 30 secs. 
If separation does not take place at once the funnel is placed for a few minutes in an 
inoubator at 87°C. When separation is complete, the acid solution, but not the 
precipitate, is run off, and the ethereal solution siphoned off into the original CO, flask. 
The funnel is rinsed as before. 

The solution of the precipitate is repeated, but in extraction instead of 50c.c. ether, 
25 b. 0. are used. Otherwise the process is as before. 

The united ether extracts are then evaporated nearly to dryness in a current of CO, 
Absolute dryness results in pigmentation of the fatty acids. The extract containing a very 
small amount of ether is left to stand in an atmosphere of CO,, preferably overnight, by 
which time the ether will have evaporated and left a brown crystalline mass. 

This is dissolved in petrol ether! (about 50c.c.) and the resultant mixture is filtered 
through an asbestos fibre filter previously described“ into a separating funnel of 250 c. o. 
capacity. The OO, flask is thoroughly rinsed with petrol ether and the washings filtered 
into the same fannel. The filter is similarly thoroughly rinsed, especially the lower end. 

50c.c. of a mixture of equal parts of strong alcoholic potash (made with absolute 
alcohol) and water, together with a few drops of phenolphthalein are added and the funnel 
shaken 30 secs. On separation (in the decision of which the phenolphthalein aids) the 
subnatant fluid containing the potassium salts is run off into a graduated cylinder of 250 c.c. 
capacity. The washing of the petrol ether solution is repeated with 50 c. c. and 25 o.c. of 
the potash in 50 p.c. aleohol. 

To the united alcoholic solutions of the potassium salts of the fatty acids, 5c.c. of 
concentrated HCl are added to precipitate the fatty acids afresh. These are extracted 
three times with petrol ether (twice with 50c.c. and once with 25 b. 0.) and the ether on 
separation is siphoned off into a CO, flask each time. Between each extraction the funnel 
is rinsed twice with 10 0. o. petrol ether and the rinsings siphoned off into the same CO, flask. 

The united extracts are evaporated in a stream of OO, till the fluid measures about 
20¢.c. This condensed solution is filtered through asbestos fibre into a clean weighed 
glass flask (weighing from 20—35 g.) fitted with a ground - in stopper with short entrance and 
exit tubes. The CO, flask and filter are carefully washed with petrol ether into the small 
flask. The ether is distilled off in a stream of CO,, and the dried fatty acids further 
dried, till of constant weight, in a vacuum oven“ at 100°C. This takes about six hours. 

After the fatty acids are dried and weighed, they are dissolved in carbon tetrachloride, 
transferred quantitatively to a Sendtner flask and their iodine value estimated by Wijs’ 


II. THE EFFECT OF ANTISEPTIC AUTOLYSIS ON THE IODINE VALUE. 


As was shown in the three experiments quoted above (lla, 12 and 
13) no change takes place in the amount of fatty acid in the liver on 
The petrol ether used is manufactured by Messrs Carles, Capel and Leonard, 
Hackney Wick, and distils between 40°C. and 60°C. 
This Journal, xxxvit. p. 291. Asbestos fibre is far preferable to wool. 


* The vacuum oven is one used in the beet sugar industry and is listed by Messrs 
Gallenkamp. 


1 
7 
4 
4 
J 
‘ 
44 
7 
method. 
* 
* 
we 
J 


FATTY AOIDS IN LIVER. 133 


antiseptic autolysis and no reliable change in the iodine value. Two of 
the autolyses were anwrobic and two semiwrobic. By the latter is 
meant that though the exterior of the liver pulp was in contact with 
the air, the interior is probably highly reducing’. In Leathes’ experi- 
ments“ on autolysis of the liver with increase of the fatty acids resulting, 
the autolyses were wrobic; Siegert’s* on the other hand were only 
semisrobic. This simple difference in the method of experimentation 
may very well account for the differences in their results. Leathes 
obtained an increase of fatty acid, Siegert an entirely negative result. 

The problem to be solved in the following experiments was not so 
much as to whether the fatty acids were increased in autolysis but as 
to the change in the nature of the fatty acids, ifany. Leathes, in the 
remarkable lecture already quoted, has suggested that the function of 
the liver in fat metabolism is to desaturate the fatty acid radicles 
brought to it from the fat dépéts, for consumption in the tissues where 
large amounts of energy are needed. It was thought that indications of 
this process of desaturation might be observed in autolysing livers. 
Above, it has already been said that, though theoretically possible, it is 
hardly conceivable that an increase of fatty acids can take place with- 
out a concomitant change of the iodine value. Three experiments have 
been given above to show that the percentage of fatty acids does not 
alter in anwrobic and semizrobic autolysis, and in only one of these 
did a change (and a doubtful change at that) take place in the iodine 
value. 

In one experiment (Exp. 8a) on the liver of a hungry rabbit, a rise 
in the iodine value with a concomitant decrease in the percentage did 
take place. This result I have not yet been able to confirm. 


Exp. 8a. For protocols of controls see Exr. 8. One portion of the minced liver was 
weighed out into a pressure bottle and allowed to autolyse for two days in presence of 
toluol and absence of air at a temperature of 37 C. 


Weight of liver Fatty acid 0% of fresh tissue iodine value Remarks 
11°28 gms. 04377 gms. 8°88 128 Autolysis 
5 om 8-97 102 Mean of four controls 


Exp. 15. Two rabbits without food 45 hours. Original body weights 2800 g. and 
8100g. Liver weights 56°60 g. and 69°00g. Five portions of the minced and mixed 
livers taken, two for autolysis and the rest for controls. 


Controls Two days’ autolysis 
Iodine value 114, 116, 111, 113, 117 
of fatty acids (mean 113-7) (mean 115) 


1 See Weinland, Zeit. f. Biol. xuvm. p. 87. 1906. 
2 Schmiedeberg’s Arch. Supp. 1908. 
Hofmeister Beitr. L. p. 114. 1902. 
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Exr. 16. Livers of three hedgehogs minced and mixed. Two portions allowed to 
autolyse under toluol at 37°C. and in absence of air six days. assume gaia 
controls, 


Controls Autolysis 
Iodine value 1352, 189, 185 139, 189 
of fatty acide (mean 135-8) 


From these experiments and the ones quoted above 1 (J) we can 
say that a desaturation of the fatty acids during antiseptic anwrobic 
autolysis, even where most to be expected—in the livers of hungry 
animals—is a rare phenomenon. It is impossible however to affirm its 
constant absence in view of the single positive result, and all that we 
can say is that it takes place in no large percentage of experiments. 
The results so far are 8 to | against —: — 


SUMMARY. 


(1) A method of fatty acid estimation requiring only 10 gm. of 
liver has been worked out and the method described in detail (v. p. 131). 

(2) The method is consistent with itself both in the percentage of 
the fatty acid yielded and in the iodine values of the fatty acid. The 
error in the former ranges from +0°15 per cent. to +0°85 per cent., the 
average error being +051 per cent. The error in the iodine values 
ranges from nil (three parallel estimations agreeing identically) to +3°2 
per cent., with an average error of +1°54 per cent. 

(3) The method yields more fatty acids than Rosenfeld's. 

(4) In antiseptic and anzrobic autolysis of the liver little evidence 
has been discovered of an alteration in the fatty acids either in amount 
or in the direction of desaturation. 


7 
* 
£ 
* 
4 
— 


4 
tg * 
* 
— 
„ 
— 
4 
— 
. 
7 
* 
* 
4 
. 
q 
2 
| 


THE GASEOUS METABOLISM OF THE SMALL IN- 
TESTINE. Part I. THE GASEOUS EXCHANGES 
DURING THE ABSORPTION OF WATER AND 
DILUTE SALT SOLUTIONS. By T. G. BRODIE, M. D., 
F. R. S., anp H. VOGT, M.D. 


(From the Physiological Laboratories of the London School of 
Medicine for Women and of the Royal Veterinary College, London.) 


THE experiments described in this paper were undertaken with the 
object of studying the blood flow and gaseous exchanges in isolated 
loops of the intestine during rest, on the one hand, and, on the other 
hand, during the activity set up by the injection of salt solutions of 
diverse strengths into the interior of the intestine. 

Method. The experiments were all conducted upon dogs anzsthe- 
tised with A.C.E. mixture, but after the operation had been completed 
the remainder of the experiment was conducted under chloroform 
anesthesia. In the early experiments the animals were given a dose 
of castor oil the evening before the experiment with the object of 
emptying the bowel, but as this did not prove at all satisfactory it was 
omitted in the later experiments, and instead, the intestines were well 
washed out with warm physiological saline solution just before they 
were inserted into the oncometer. The rate of blood flow was determined 
by the oncometric method described by Brodie and Russell, The 
blood gases were analysed by the chemical method, the apparatus used 
being the modified form described by one of us in the preceding 
paper“ 

The operation is carried out in the following way: A cannula 
is tied in one carotid artery from which arterial blood samples may 
be collected. A second cannula is tied in the opposite carotid or in 
a femoral artery to enable a record of the blood-pressure to be taken. 

1 Proc. Physiol. Soc. p. xivii. 1905. (This Journal, xxx11.) 
This Journal, XXXIX. p. 891. 
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A tracheal tube is also inserted. The preparation of the intestine 
is then proceeded with. The lower end where it joins the large 
intestine is first sought and the lower four or five inches ligatured and 
removed. The intestines are then pulled over to the right side of the 
body, protected by warm cloths and a good length of the mesenteric 
vein exposed by dissecting away the mesenteric lymph glands. The 
vein here lies above the arteries and a number of venous tributaries 
coming from the upper part of the intestine can be readily isolated. 
A convenient tributary vein is chosen into which to insert a cannula 
at a later stage of the operation and the two or three mesenteric 
arteries and veins immediately above are ligatured. One or two pairs 
of vessels below are also ligatured, if necessary, so as to give easy access, 
after the oncometer is in position, to the vein into which the cannula is 
tied. The intestine is then ligatured in two places immediately below 
the lowest ligatured vessels and divided. Short wide tubes are next 
tied into the two ends of the coils of intestine which have thus been 
isolated, and the full length of intestine, some 125 oms., well washed 
out with warm physiological saline, great care being taken in emptying 
the gut to preserve it from any injury. 

A loop of fine and soft rubber tubing is next passed under the 
mesenteric vein at the spot where it will leave the oncometer. The 
cannula is now tied into the tributary vein of the portal vein which 
had, as above described, been already prepared. The intestine is then 
inserted in the oncometer which shelves down towards the orifice 
through which the vessels are to issue. The sides also converge towards 
this orifice. The oncometer is provided with an orifice on either side 
through which the tubes, tied into each end of the intestine, can be 
passed. These fit the holes tightly and are rendered quite air tight by 
a little vaseline. By these tubes fluid can be introduced into or 
removed from the intestine at any time during the experiment without 
disturbing the oncometer. The oncometer is finally covered with a glass 
plate, the whole being rendered air tight by a thick vaseline which is 
semi-fluid at body temperature. 

A metal tube 1 cm. in diameter is fitted into the centre of the 
glass plate covering the oncometer and by this the oncometer is con- 
nected to a small bellows recorder which registers the volume — 
in the enclosed intestine. | 

The method of recording the rate of blood flow is to com 5 
vein against the rubber tube by the finger and thus make 1 
issuing from the capillaries accumulate within the veins inside the 
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oncometer. The rate at which air is displaced from the oncometer into 
the recorder, therefore gives the rate at which blood is leaving the 
capillaries and accumulating in the veins. If the time during which 
the vein is clamped is short, or if the distension of the vein is only 
from 0°5 to 1 C., this rate of accumulation is quite constant, indicating 
that the clamping has not interfered with the rate of flow from the 
capillaries, that is with the general circulation through the intestine. 
This is quite easy to attain because the mesenteric veins are only 
partially filled and can readily contain some 5—10 ce. more blood 
before they become distended to their maximum capacity. That the 
flow through the capillaries is not impeded is easily assured during the 
course of each observation by noting that the lever of the recorder 
rises regularly and steadily. Any congestion is at once obvious because 
the rate of rise of the lever becomes slower and the tracing becomes 
concave to the abscissa line. At each estimation of the rate of flow 
some three or four observations are taken one after the other with an 
interval of about half a minute between each to allow the veins to 
empty completely and return to their normal state. If care be taken 
successive observations agree with one another to 2 or 3°/,. To register 
the rate of increase of volume two fixed writing points are made to 
record abscisse lines at such a distance apart that the lever of the 
volume recorder in travelling between them records a rise of a definite 
volume. In most of our experiments this was 1 c.. A signal recording 
thirtieths of a second writes immediately below the lower abscissa line. 


het a Dog. Rate of blood flow of small intestine. Distance between abscisse 
: lines represents 1 c.c. Time 30 per second. 


The form of tracing obtained is given in Fig. 1. The writing point of 
the volume recorder is.so adjusted that in taking the times a vertical 
line may be drawn from the point where the lever crosses the upper 
_ absefisa line (see Fig.) To measure the time taken to accumulate 1 c.c. 
an oblique line is drawn on the tracing passing through the centre of the 
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record or touching the bases of the volume pulses, and where the line 
crosses the abscissw verticals are drawn to the time tracing and the 
number of vibrations thus cut off are counted. From this the rate of 
flow is calculated. The following figures were obtained in one experi- 
ment which we may take as typical. The abscisse lines were so placed 
that they recorded an increase of volume of 10 cc. The rate of 


vibration of the time marker was 30 per second. The times in four 


successive observations were 38, 37, 39 and 38 vibrations respectively, 
giving a rate of flow of 47°37 c.c. per min. 

In most experiments four pairs of samples of blood were analysed. 
The first pair was taken half an hour after the intestine was placed in 
the oncometer, this time being allowed for the intestine to return to as 
normal a state as possible after the handling of the operation. The 
second pair was usually taken some 10—15 minutes after the injection 
of the solution whose absorption was to be studied; the third 
pair about 30 minutes and the fourth pair about 40—60 minutes after 
the injection. 

In many cases the rate at which absorption was taking place was 
fairly rapid but in some instances the volume of the solution injected 
increased at first. In order to watch these larger volume changes the 
oncometer was connected to a bellows recorder of 60 c.c. capacity whose 
writing point moved against a scale. It had been previously calibrated 
against the same scale so that any change of volume could be at once read 
off. Both the large and small bellows recorder were connected by a T-piece 
with the oncometer and when both recorders were open to the oncometer 
the small bellows emptied itself at once into the large bellows. When- 
ever it was required to record rates in blood flow all that was necessary 
was to turn off the tap on the tube leading to the large bellows and 
the rate of flow was recorded in the usual way. The whole system of 
oncometer and large and small bellows was, of course, kept closed 
during the whole of the experiment. 

The experiments we have to describe may be grouped under the 
following headings. 

1. Control experiments, those in which no solution was introduced 
into the intestine. 

2. Absorption of distilled water. 

3. Absorption of normal saline solution. 

4. Absorption of concentrated NaCl solution. 
5. Absorption of dilute HCI. 

6. 


Absorption of MgSO, solution. 


2 
: 
« 
+ 
2 
7, 
* 
— 
= 
7 
é 
| 
\ * 
< 
t 
4 
+. * 
8 


GAS EXCHANGE IN INTESTINE. 139 


7. Experiments in which attempts were made to damage or destroy 
the epithelial cells of the mucous membrane. 


We will describe the results obtained under these headings. 


1, CONTROL EXPERIMENTS. 


We performed two control experiments. The operations were 
conducted in exactly the same manner as for the other experiments and 
the intestine washed out thoroughly with warm saline solution. After 
the intestine had been placed in the oncometer about 30 minutes, blood 
samples were taken as in the usual course. Nothing was injected into 
the intestine but further blood samples were collected at periods 
corresponding to those adopted in the main experiments. We give the 
protocols of two such experiments. In giving the protocols we use 
the following abbreviations. B. Fl. means rate of blood flow and is 
given first in c.c. per minute for the whole loop in the oncometer and 
secondly in cc. per gram of intestine per minute. B.P. means 
arterial blood-pressure in mm. Hg. The blood samples are numbered 
consecutively 1 to 8. The venous sample was always collected first 
so that the. odd numbers refer to venous, even numbers to arterial 
samples. The figures in the table following each protocol give the 


results expressed in c.c, per gram of intestine per minute. 


Expr. 1. Dog of about 10 kilos weight. Intestine prepared as described in detail 
above. Intestines washed out with about 300 c. 0. of warm saline solution and then 


11.40. Operation completed. 

11.52. B.Fl.=47°87 .., per min. = 0°512 c.c. per gm. per min. B.P.=107. 
12.14. B. FI. 4078 e. per min. =0°442 c.c. per gm. per min. B. P. = 125. 
12.16. Blood samples taken (1 and Y. 

12.26. B. FI. 480 C. per min.=0°487 c.c. per gm. per min. B.P.=90. 

Anesthesia rather deep. 

12.27. Blood samples taken (8 and 4). 

12.45. B. Fl. =45-0 c.c. per min. =0°487 c. e. per gm. per min. B. P. 95. 
12.46. Blood samples taken (5 and 6). 

1.06. B. FI. =380°0 c.c. per min. =0°325 o.c. per gm. per min. B.P.=108. 
1.08. Blood samples taken (7 and 8). 


The intestines remained quiescent during the whole experiment, only a few slight 
movements being noted. The intestines on removal from the oncometer contained no 
fluid and were quite normal in appearance. FCW 
the intestines then weighed. Weight - 926 grams. 
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The analysis of the blood samples gave the following resulta : 


Analyses corrected for 


dilution Differences 
0, 00, 0, 00, 

11°46 88°19 

5°20 8°84 
16-66 84°85 - 
11°58 40°84 

4-08 9°07 
15-61 31°77 
12°18 87°48 

5°27 3°81 
17°45 83°67 
10-85 89°87 

6°45 771 
17°27 82°16 


Hence we get the following values expressed in o.. per gram per minute: 


Stage III 
12.46 
0-0257 
0-0186 
-0°487 


Stage IV Mean 
1.08 
00210 0˙0228 
0-0250 00256 
0-325 0-435 


Or expressing the results in percentages of the first observed values taken as 100, 


Analyses of the dilute 
samples 
Sample 0. 00, 
1. 10°79 85°49 
10°52 85°57 
2 15°81 31-96 
15°74 82°91 
3. (1 10°82 88°20 
10°71 87°80 
4. 14°36 29°78 
1476 29°54 
5. 8 11°39 — 
6. 16°12 81-20 
16°59 81-93 
7. () 9°87 87°15 
(2) 10°33 — 
8. ( 16˙10 80-22 
16°41 80°33 
Stage I Stage II 
Time 12.16 12.27 
0, 00230 0-0196 
co, 0-0148 0-0441 
B. Fl. 0-442 0-487 
we have: 
Stage I Stage II 
Time 12.16 12.27 
0, 100 85-2 
co, 100 299-0 
B. Fl. 100 110˙0 


Stage III 
12.46 
111°6 
125°8 
110°0 


Stage IV Mean 
1.08 
91-1 99°5 
169°5 1746 
73°3 98°3 


The ©O,/O, ratio for all samples taken collectively is=1-18, 


In this experiment it is seen that the oxygen intake remains fairly 
steady during the whole 52 minutes the intestine was under observation, 
even in the last period when the blood flow had fallen to 78°3°/, of its 
previous value. The carbonic acid output on the other hand shows one 
marked irregularity, viz. in the second period when the output was 


trebled (299 /. 


7 
4 * 

a 

* 


* 


4 
= 
4 
\ 
2 
8 
4 
E 
74 


GAS EXCHANGE IN INTESTINE. 141 


| Exp. 2. Dog, thin and not in very good condition. Operation as usual. Intestines 
1 well washed out with 200 c.c. warm saline solution then thoroughly emptied and placed in 
oncometer at 12.05. Vigorous artificial respiration maintained throughout. Chloroform 
used as the anssthetio. 


132.25. Both vagi divided. 

12.48. B. =60 per min. =0°392 C. 0. per gm. per min. B.-P.=90. 

12.49. Blood samples taken (1 and 2). 

12.59. B. FI. =50 0.0. per min. =0°327 o.c. per gm. per min. B.-P.=88. 
1.01. Blood samples taken (3 and 4). ) 
1.20. B. FI. 40 91 o.c. per min.=0-267 c.c. per gm. per min. B.-P.=70. 

: 1.22. Blood samples taken (5 and 6). 


Weight of intestines in oncometer 153 grams. They were empty at the end of the 
experiment and quite normal in appearance. They did not show any movements during 


3 the course of the experiment. 
The analysis of the blood samples gave the following results : 
Analyses of the dilute Analyses corrected for 
Sample O, 00. 0, CO, 0. 00, 
* 961 30°16 
7°78 7°26 
17% 2290 
4. 1402 21°23 
1418 91-78 we 
5. 6 6-68 7°38 28°77 
8-82 7°58 
6. (1 15°21 19°79 
4819-80 
Stage I Stage II Stage III Mean 
Time 12.49 1.01 1.22 
0, 0-08038 0-0262 0-0236 0-0267 
co, 0-0285 0°0195 0-0201 0-0227 
B. Fl. 0-392 0-327 0-267 0-329 
00%, 0-94 0°74 0°84 
Expressing the exchanges in the two latter observations in terms of the first as 100, 
we get: 
Time 12.49 1.01 1.22 
Oo... 100 86-48 71789 
co, 100 69°52 70°53 
B. Fl. 100 83-41 68°13 


The CO,/O, ratio calculated from all three periods is 0-85. 
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It is seen then, that in the 41 minutes, during which the intestine 


was watched in this experiment, there was a small decrease in the 
amount of oxygen absorption and in carbonic acid output but that on 
the whole the gaseous exchange remained fairly steady. There was a 
fall of body temperature amounting to 3°C. during the course of this 
experiment, probably due to the vigorous artificial respiration maintained 
throughout with the object of arterialising the blood as efficiently as 
possible. 

The results obtained in these control experiments show that under 
the conditions of the experiments the gaseous exchanges of the 
intestines will remain fairly steady for the space of one hour. 


2. ABSORPTION OF DISTILLED WATER. 


In this group we have one experiment. 


Exr. 8. Dog. Intestines washed out with 300 c.c. warm saline solution. Artificial 

respiration. In this experiment the rate of absorption was followed. 

11.10. Operation completed. 

11.48. B.Fl.=85-71 C.. per min. =0-381 c. e. per gm. per min. B. P. = 105. 

11.50. Blood samples taken (1 and 2). 

11.55. Slow injection of 100 c.c. of distilled water at 37 C. 

11.59. Oommence to determine rate of absorption. 

12.00. Absorbed 2 c.c.=2 ¢.c. per min. 


12.01. „ 25 0.0. e. o. per min. 
12.02. „ 375 b. 0. c.c. per min. 
12.04. 2°6 0.0. 0.0. per min. 


12.05. B. Fl. 35°71 o.c, per min. =0°331 ¢.c. per gm. per min. B. P. 75. 
12.06. Blood samples taken (8 and 4). 
12.09. Absorbed 12 c.c.=2-4 o.c. per min. 
12.11. „ e. e. per min. 
12.14. „ 0.0. c.c. per min. 
12.21. Second set of observations of rate of absorption. 
12.24. Absorbed 8-0 c.c.=1°0 . per min. 
12.25. B. FI. 25 b. 6. per min. =0°232 c.c. per gm. per min. B.P.=76. 
12.26. Blood samples taken (5 and 6). 
12.29. Absorbed 8-2 ¢.c.=0°64 c.c. per min. 
„ 17 e. 0. c.c. per min. 
12.34. „ 2˙5 0.0. 0˙88 e. per min. 
12.37. 13 4˙0 1°88 c. 0. per min. 
12.43. * 0.0. C. 0c. per min. 
12.58. B. Fl. 80 ¢.c. per min. 0-278 b. o. per gm. per min. B. P. 67. 
12.55. Blood samples taken (7 and 8). ets 
1.02. Experiment stopped. 


18 b. o. of fluid were recovered from the intestine. It was alkaline in reaction and gave 


a fair precipitate with silver nitrate. It did not contain any appreciable amount of mucin. 
Weight of the intestines 108 grams. 
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The analysis of the blood samples gave the following results : 


of the dilute corrected for 
Analyses Analyses 


0. 00, 0, CO, 
L 1638 8-14 
a 10 667 
2. 17.61 26-86 
18°81 27-22 
8. (1) 1998 30-82 
1289 5076 1866 
1786 «25-48 1809 
8. (1) 1257 «8158 
6. 1720 28°88 
1762 28.51 16°67 
7 1448 2967 
8. 18°72 25-45 
19°79 26-88 
Hence : 
Stage I Stage II Stage III Stage IV 
Time — 1.60" 12.06 12.26 12.55 
0, 00086 00177 00120 00121 
— 00184 00106 0.00% 00146 
B. — 0-881 0-232 0-278 
75 90 87 
Rate of absorption — 00 2˙4 0°64 12 
Time after injection 11 
00% ... 329 149 0-60 121 
* Injection at 11.55. 
Or as percentages 
100 316˙1 214°3 216-1 
100 106°5 89°1 79°4 
B. Fl. 100 10 70·˙1 84-0 


And the 00/0, mofo al 


3. ABSORPTION OF bann SODIUM CHLORIDE SOLUTIONS. 


In this group we have how experiments in which 100 cc. of a 
sodium chloride solution, the strength of which varied from we: to 
134%, was injected. 3 


3 

4 
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Exr. 4. Operation as usual, 

11.85. Operation finished. 

11.42, B.Fl.=52-94 o.c. per min. = 0-297 o.c. per gm. per min. B. P. = 104. 

11.69. B.Fl.=52-94 0. per min. =0°297 ¢.c. per gm. per min. B. P. 118. 

12.01. Blood samples taken (1 and 2). 

12.10. Injection of 100 c.. of a 1°34 °/, NaCl solution (temp. 87° C.). 

12.21. B.Fl.=78°26 o.c. per min. =0°440 c.c. per gm. per min. B.P.=124. 

12.22. Blood samples taken (8 and 4). 

12.87. B. FI. 88-72 o.c. per min. =0°482 c.c. per gm. per min. B.P.=124. 

12.39. Blood samples taken (5 and 6). 

12.48. Blood FI. 90 o~. per min. =0°506 o.c. per gm. per min. B.P.=100. 

12.50. Blood samples taken (7 and 8). 

The animal was then killed. 
drops of fluid could be collected from it. The intestines remained practically quiescent 
during the whole experiment. The loop experimented upon weighed 178 grams. 

The samples on analysis gave : 


Analyses of the dilute Analyses corrected for 
samples dilution Differences 
3 22 
7˙69 4°67 
21°45 83°88 
8. 13°79 88-28 
18°88 88-74 14°78 2 
8°1 7°85 
4 (1 21°80 82-87 99-94 84-98 
21°02 81°60 
5. (1 17°16 88-89 
4°82 0-29 
6. 21°68 82°94 
un 85°78 
7. (1 16°18 85-79 
6°48 3°98 
8. 21-88 
6 22˙88 34˙91 
Hence 
Stage I Stage II Stage III Stage IV 
Time * 5 12.01* 12.22 12.89 12.50 
900229 0-0858 0-0282 0-0328 
00, 00186 0-0845 00086 0-0201 
B. FI. 0-297 0-440 0-482 0-506 
Time after injection 12’ 29’ 40 
* Injection at 12.10, 9 
Expressing the results in percentages we have: 
1569 101°4 148-2 
100 253 °7 26 ˙5 147°8 
100 105°1 106-1 84°7 


mean ratio for all four observations ie 0-68, 
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Exr. 5. Large Irish Terrier, fat. Intestines washed out with 300 b. 0. warm saline 
solution and then carefully emptied. No artificial respiration during this experiment. 


11.25. Operation completed. 
11.45. B. = 4675 ¢.c. per min. =0-438 c. o. per gm. per min. B.P.=95. 
. 11.49. Blood samples taken (1 and 2). 
. 11.886. Injection of 100 c.c. of warm sodium chloride solution, 0-93 %. 
11.58. Rate of absorption 04 ¢.c. per min. 
| 12.08. 1-0 ¢.c. per min. 
12.06. B. P. 180. 
i 12.08. Blood samples taken (3 and 4). 
12.11. Rate of absorption 1-97 o. o. per min. 
12.18. 2-0 0.0. per min. 
12.24. B. Fl. 2888 o.c. per min. =0°267 ¢.c. per gm. per min. B. P. 92. 
12.27. Blood samples taken (5 and 6). 
12.28. Rate of absorption 1°9 ¢.c. per min. 
12.36. 70 i 2-0 .o. per min. 
12.46. * 0°83 0.0. per min. 
12.52. bar 0.6. por em. por min. B. 
; 12.53. Blood samples taken (7 and 8). N 
of 12.54. Rate of absorption 0°0 0. e. per min. 


No fluid was recovered from the intestines. Weight of intestines 108 grams. — 


: The analysis of the blood gases gave : 
Analyses of the dilute 
Sample 0. 00. 0. 00. 0, co, 
L 721 
2. 931 8198 | 
935 - 82-60 12 pares 
8. 683 ⁵ 3309 
7.25 34-97 
— 82°75 4 
47% 150 
1 0 10 31˙64 
8180 
8 574 80°86 
6. 1978 258˙00 
16 2981 
7. (l 698 33 ˙86 
8, 900 2222 | 
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Stage I Stage II Btage III Stage IV 


In percentages : 
O ... 100 223-6 241˙4 782 
co, 100 62°9 59°6 457°8 
B. Fl. 100 100 617 76°4 
The 


Exr. 6. Small Dog. Artifical respiration maintained throughoat. 


Intestines washed out with saline. 


1.10, 
1.81. 


Operation oompleted. 
B. FI. 8410 c. o. per min. BP. = 165. 
Blood samples taken (1 and 2). 
Injection of 100 c.c. warm saline (0°94 % NaCl). 
Rate of absorption 0-4 0. o. per min. 

0-4 c.c. per min. 

” ” 0-9 0.0. per min. 

* 2-0 0. 0. per min. 


ber gm. per min. B. P. = 165. 


Blood samples taken (8 and 4). 
Rate of absorption 2-0 c. a. per min. 
„ 0°96 0. per min. 
„ 1000 0.6. per min. 
B. P. 120. 
Blood samples taken (5 and 6). 
Rate of absorption 1-07 c.c. per min. 
2˙0 0. per min. 
„ „* 19 ac. per min. 
2˙2 c.c. per min. 
” 6 1°2 ee. per min. 
90 0˙0 o.c. per min. 
0.0. per 0-480 4,0, por gm. per min. B. P. = 120, 
Blood samples taken (7 and 8). 


intestine was quite empty. It weighed 107 grams. 


11.49" 12.08 12.87 12.58 | 
0-0087 0-0194 0-0210 0-0068 
0-0089 0-0056. 0-0058 0-0407 
0-488 0-483 0-267 0-381 
0-0 197 19 00. 
18’ 82 58’ 


q 146 

Hence : 
4 
B. F. 

Rate ofabsorption ... 

| Time after injection ... 

* Injection at 11.55. 

3 1.84. | 
1,87. 

1.42. 

1,45. 

q 1.84. 

1 

1.57 

J..... 


4. ABSORPTION OF MORE CONCENTRATED SODIUM 


CHLORIDE SOLUTIONS. 
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The results of the analysis were: 
Analyses of the dilute Analyses corrected for 
Sample 0, 00, 0, 00, O90, 
1080 39.86 
47% 8-27 
2 1446 
12 15°77 24-29 
1018 
40 257 
5. (0 1000 23892 
10˙87 25-70 
5260 B85 
6. 1466 2000 
7. 1081 22°69 | 
1048 28-96 7 
| 498 3 ˙65 
8. 1509 20˙14 
Hence : 
Stage I Stage II Stage III Stage IV 
Time 1.34" 1.58 2.22 3.08 
00158 00287 00263 00216 
00, 00263 00139 00198 0-0160 
B. Fl. 0-319 0-539 0°501 0-488 
Rate of absorption 00 10 107 00 
Time after injection . a1’ 45’ 91’ 
* Injection at 1.37, 
Or in percentages : : 
100 1500 166-4 136'8 
co, of 100 52˙8 75˙3 78 ·4 
B. Fl. 100 169-0 1570 1878 
The mean CO,/O, ratio is=0°87. 


There are two experiments in this group. In the first a 2% 
solution of sodium chloride was injected in the other a 46 / solution. 
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washed out with saline. 


11.06. 


12.46. 
12.49. 


46 C. c. of fluid were recovered from the intestine. It contained 0-975 % NaCl, was 


T. 6. BRODIE AND H. VOGT. 
Dog, 9 kilos. Good artificial respiration maintained throughout. Intestine 


Operation completed. 

Blood flow=21-43 e. per min. = 0-258 C. 0. per gm. per min. B.P.=97. 
Blood samples taken (1 and 2). 
Injection of 100 c.c. NaCl, 2%. 


Intestine volume has increased at the rate of 5.c. in 4 mins. due to the 


dilution of the solution in the intestine. 


Rate of increase of fluid in intestine 2°45 b. 0. per min. 


B. Fl. =62°5 o.c. per min. = 0-758 c. 0. per gm. per min. B.P.=116. 
Blood samples taken (8 and 4). 


Rate of increase of fluid in intestine 1-0 c. o. per min. 


15 ¢.¢. of fluid removed from intestine (found to contain NaCl 1-17 °/,). 


Rate of absorption 0°08 C. c. per min. 


55 


0°88 c. 0. per min. 


* 05 e. o. per min. 
05 ¢.c. per min. 
B.F.=87-7 per min. 0698 ¢.c. per gm. per min. B.P.=99. 


. Blood samples taken (5 and 6). 


Rate of absorption 0-7 o. o. per min. 


1-0 ¢.c. per min. 


12 0.0. per min. 
B. Fl per min. c.c. per gm. per min. B. P. 90. 
Blood samples taken (7 and 8). 

Rate of absorption 1-5 c. o. per min. 


practically colourless and faintly alkaline in reaction. Weight of intestine, 83 grams. 


The amount of NaCl injected was 2-0 grams. That withdrawn at 12-02 contained 
0176 gm. The amount recovered at end of experiment was 0-448 gm. Hence the amount 


absorbed was 1-377 gm. 


The blood samples on analysis gave the following results : 


=f 


2 


| 


Analyses of the dilute 
0. co, 
18-08 30°59 

18°47 — 
— 25-21 
19-07 25°17 
16°44 27°83 
16-59 28°77 
19-21 22-96 
19°79 23-00 
16-70 24-11 
16-67 24°63 
19°18 25°43 
19°42 25°58 
15°58 23°03’ 
1572 2360 
‘Wl 
1011 22-99 


corrected for 
14°18 32°78 
20°49 27°07 
17°67 80°28 
20-92 24°65 
17°85 26°07 
20°58 27°16 
1710 25 52 
20°42 24°48 


Differences 
O. co, 
631 5°66 
8°25 5°63. 
2°78 -~1-09 


3°32 104 


. 
A 


rer 
| 


12 Z 
3 11.40. 
3 11.45. 
1.52. 
1154. 
ͤ ͤ 'P —ä—ẽ 
11.56. 
11.58. 
2.02. 
12.06. 
7 12.09. — 
i 12.21. 

12.28. 
12. 
| 12.31 
12.44. 
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Hence : 
Stage I Stage II Stage III Stage IV 
Time 11,40" 11.57 12,30 12.46 
oO, ... 00163 00245 00190 00231 
co, ise * 00146 00424 —0˙0076 00072 
B. Fl. 0-258 0°758 0°695 0-695 
Rate of absorption 00 -10 06 14 
Time after injection 12’ 55’ 
* Injection at 11.45. 
Or in percentages 
100 2904 —52˙1 49°3 
B. Fl. 100 2919 269°5 269 ˙5 


The mean 00% O, ratio for stages I, II and IV is 1-00. 


Exr. 8. Dog, of 11 kilos weight. Intestines washed out with warm saline. 
11.30. Operation completed. 
11.54. B.Fi.=82°14 per min. =0°292 C. c. per gm. per min. B. P. =81. 
11.55. Blood samples taken (1 and 2). 
12.08. 10 c. c. of NaCl solution (464% ) injected, 
12.09. 10 c. c. of NaCl solution injected. 
12.18. B. FI. 860 per min. 0827 o. per gm. per min. B.P.=98. 
12.15. Blood samples taken (8 and 4). 
12.17. 10 c. c. solution injected. 
12.27. 10 ¢.c. solution injected. 
12.81. -B.Fl.=81-08 o.c. per min. =0°282 C. e. per gm. per min. B.P.=105. 
12.82. Blood samples taken (5 and 6). 
The fluid recovered from the intestine measured 68-5 c.c. was slightly yellow and 
x contained a considerable precipitate, chiefly of mucin. It was alkaline in reaction. The 
i weight of the loop was 110 grams. The volume of salt solution injected was 40 0. 0. con- 
taining 1-856 grams NaCl. The solution recovered contained 1-982 % NaCl and a total 
amount 1324 grams. The amount of NaCl absorbed was therefore 0°532 grams in 
29 minutes. The minimum volume of fluid secreted was 28°5 o.c. 
The resulta of the analysis are as follows: 


0, oo, 0, — 0. 00, 
Sample 
1. 1214 35-90 
2. 1722 «(26-60 
18-87 29-32 
8. (1 1000 30°81 
873 
4 18 27 
02 3745 
5 12-02 3194 
12-78 34°80 
| 600 11:80 


6. 1788 
1764 141 ˙97 Be. Be 
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: Stage T Stage II 
Time 11.87% 12.15 
00171 00286 
ob, Se 00272 0°0106 
B — 0-292 0-827 
Time after injection ... 3 12’ 
* First injection at 12.03. 
Or in percentages : 
— 100 167°3 
* ins 100 111˙9 
The mean CO,/0, ratio is 1°11. 


98°8 
117°3 
96°6 


5. INJECTION OF DILUTE HYDROCHLORIC ACID. 0°4°/,. 


The aim of this experiment was to throw the mucous membrane 
into greater activity, both by causing it to absorb and by exciting 


secretin formation. 


Exr. A. Small female dog weighing 7 kilos. 8 Intestines 
were not washed out in this experiment. The dog had received a dose of castor oil the 


night before the experiment. 
Operation 
B. Fl. 
Blood samples taken (1 and 2). 
B. Fl. 35°29 0.0. per min. 


12.15. 


40 0. c. of fluid was recovered from the intestines. It was faintly alkaline in reaction 


. Injection of 50 c. c. of 04°), HCl at 87° C. 


B. FI. = 57°66 c.c. per min. =0°588 o.c. per gm. per min. 
Blood samples taken (3 and 4). 
B. FI. =60 ¢.c. per min. =0°612 c. 0. per gm. per min. 
Blood samples taken (5 and 6). 
Animal killed. 


very viscid and darkly bile stained. The loop of intestine weighed 98 grams. 
The following results were obtained from the analysis of the blood samples : 


8 
0 


Analyses of the dilute 
O, co, 
16°50 41°66 
15°48 42°70 
17°80 40°81 
18-20 41°85 
14°19 45°15 
1410 45°50 
17°98 87°31 
17°34 86°91 
13°99 46°75 
13°38 45°61 
16°82 42°59 
17°47 43°36 


Analyses corrected for 
0, co, 
1704 4500 
19°15 43 98 
15°13 48°48 
18°72 89°33 
14°64 49°38 
1% 45-96 


O. CO, 
9-11 1-02 
3:59 9°15 
8°69 


* 


| Stage III 
12.82 
4 0•0169 
0°0819 
4 0-282 
— 
— 
12.59 
ta 1.12. 
1.15. 
1.27. 
1.29. 
1.55. 
Differences 
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Hence: 
Stage I Stage II Stage III 
Time 19.48“ 116 129 
* 00079 0•0211 0-0226 
B. Fl. ‘ Son 0-375 0-588 0-612 
Time after injection 17’ 81’ 
* In at 12.58 

Or in percentages : * 
0, 100 267-1 286°1 
co, 100 1416-0 549°9 
B. Fl. 100 156-8 163-2 


This experiment was one of our earliest. We do not consider the 
analyses very satisfactory and only record it as serving to indicate the 
general directions of the changes in the gaseous metabolism. It is not 
included in calculating the mean results in the later portion of this 


paper. 


6. INJECTION OF A SOLUTION OF MAGNESIUM SULPHATE. 


We have only one successful experiment of this type. A sulphate 
was chosen because of its purgative properties and because its absorp- 
tion is very slight. 

Exr. 9. Dog of 14 kilos weight. Intestines washed out with warm saline. Artificial 
respiration maintained throughout the experiment. 

12.42. Operation completed. 

1.09. B.Fl.=25 ¢.c. per min. =0°357 c. o. per gm. per min. B.P.=1365. 
1.10. Blood samples collected (1 and 2). 

1.18. Injected 50 c. 6. MgSO, solution (4-697 „%). 

1.25. Increase of fluid in intestine 0°5 o. e. per min. 

1.82. „ 078 0.0. per min. No movements to be seen. 
1.39. e por win. 6-007 0. per gm. per min. B.P.=110. 
1.40. Blood samples taken (3 and 4). 

1.46. 15 0.0. of fluid removed from the intestine. 

1.51. Increase of intestine volume 0-25 c. o. per min. 

2.09. 0°01 per min. 

2.10. B. Fl. 2 dee. per min. =0°397 o. 0. per gm. per min. B. P. = 105. 
2.11. Blood samples taken (5 and 6). 

2.15. Animal killed. 


64 ¢.c. of fluid were recovered from the intestine. The fluid was very viscid and had 
much mucin in it. Alkaline in reaction and slightly blood stained. It contained 
2˙48 % MgSO,. The fluid removed at 1.46 was clear and contained 404% MgSO,. The 
intestine weighed 70 gms. The mucous membrane was very distinctly injected through- 
out especially over all Peyer’s patches. It was covered with thick mucus. The solution 
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injected contained MgSO,. That withdrawn 0°61 gm. and that recovered at the 
„ This leaves 0°15 gm. unaccounted for. This probably 
was partly absorbed, partly adherent to the mucous membrane although the intestine was 
washed out and the sulphate estimated in the washings. The minimum amount of water 
secreted into the intestine was 29 c. o. 


The samples on analysis gave the following results : 


for 
Analyses of the dilute Differences 
Sample 0 00. Oz CO, 07 CO; 
1. 16°62 37°23 17°82 89-22 
0 1663 85°99 | 
2. („1 21°35 31-29 
21°78 31˙42 33:18 
3. (1 18-08 32324 19°41 85-26 
3245 
511 3°44 
4. 22-72 29°67 ‘ 
5. (1 19-60 82°80 21°18 85°42 
2 19°72 83°11 
4°17 3°54 
6. 23°62 28°97 . 
; Stage I Stage II Stage IV 
Time 1.09* 140 2.11 
02 0•0191 0-0203 0-0166 
CO, 0-0197 0-0137 90148 
B. Fl. 0-357 0-397 0-397 
Time after injection * 22’ 53’ 
Injection at I. 18. 
Or in percentages 
02 100 106°3 87:1 
00. 100 69°5 151 
B. Fl. * 100 111˙2 111˙2 
The mean 00% , ratio is 0-86. 


This experiment then differs markedly from the preceding experi- 


ments. There is practically no increase in the oxygen absorption and 
with this goes the fact that there was no absorption. The only 
activity occurring was a secretion of fluid into the intestine and this 
did not entail an increase in oxygen consumption, a result which 
appears to favour the view that that transportation of water was due to 
physico-chemical causes rather than to active secretion. The decrease 
in carbonic acid elimination is probably due to excretion of the gas into 
the fluid within the intestine. 
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7. EXPERIMENTS IN WHICH ATTEMPTS WERE MADE TO DAMAGE 
OR DESTROY THE CELLS OF THE MUCOUS MEMBRANE. 


The gaseous exchanges measured in our experiments were those of 
all the tissues of the small intestine, i.e. both mucous membrane and 
muscular coat. During absorption of any solution the main increase 
in work is thrown upon the cells of the mucous membrane and but 
little extra work if any is demanded from the muscular coat. This 
is especially so under the conditions of our experiments for we have 
always noted that the intestine remained practically quiescent during 
the whole course of the experiment. Hence any change in the gaseous 
exchanges is certainly to be ascribed mainly if not entirely to a change 
in the gaseous metabolism of the cells of the mucous membrane. It is 
very desirable and for many purposes indispensable that we should be 
able to discriminate between the gaseous exchange of the muscular 
tissue and that of the mucous membrane in order to be able to 
determine the proportion the variation in the exchange bears to the 
exchange when at rest. Up to the present we have only made two 
attempts in this direction and both aimed at destroying the cells of the 
mucous membrane. Several courses were open to us. It is known 
that temporary asphyxiation leads to a shedding of the cells of the 
mucous membrane, but this was unavailable for our purpose because 
the muscle would be simultaneously asphyxiated and because it is not 
certain that all the epithelial cells would be removed or destroyed. We 
therefore attempted in the first place destruction by an irritant, 
choosing mustard for the purpose. This however failed, probably 
because we did not employ a sufficiently strong solution, but we give 
the result because it exemplifies the effect of an acute inflammatory 
process, which however was mild in degree, upon the gaseous exchanges. 
In two further experiments we endeavoured to destroy all the epithelial 
cells by injecting a hot saline solution. In the first of these the 
temperature of the solution injected was 55° C. but as this proved too 
low, saline at 65°C. was injected in the second. Apparently this also 
did not completely destroy the cells. The mucous membrane at the 
end of the experiment showed an obvious reaction. There was a good 
deal of secretion during the course of the experiment. The following 
three protocols give the results of these observations. 
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deck Intestines not washed out. 
Operation oompleted. 


. B. Fl. o.c. per min. =0°634 0. c. per gm. per min. B. P. 142. 


Blood samples taken (1 and 2). 

50 c.c. mustard solution injected. 

B. Fl. =150 0.0. per min. = 1-160 o.c. per gm. per min. B. P. 180. 
Blood samples taken (8 and 4). 


. B.Fl.=85°72 0.6. per min. = 0-665 o.c. per gm. per min. B.P.=118. 


Blood samples taken (5 and 6). 
B. FI. = 66°67 o.c. per min. =0-517 c.c. per gm. per min. B.P.=150. 
Blood samples taken (7 and 8). 


The fluid collected from the intestine at the end of the experiment measured 25 c.c. 
and contained mucin. There was a small amount of inflammation most marked in the 
upper part of the intestine. On microscopic examination but little change was found. 
The cells of the villi appeared normal. Weight of intestine, 129 gms. 

The results of the analysis are given in the following table : 


Analyses of the dilute Analyses corrected for 
6°88 4 
2. 00 21°54 80°76 23-20 88-82 
21°78 82°35 
3. (i) 17°80 30°52 
4 
4. 6 22°68 26°34 
23°55 31°50 
5. 17°80 33°14 
17°60 32°87 18°93 35°80 
5°14 4°92 
6. 22-60 28°57 
22°11 27°86 24°07 30°38 
7. (1 13 89°47 
12°81 41-09 1400 43-08 
5°82 9°92 
8. (1 18°62 81°56 
18°18 29-96 19-82 33°16 
Hence : 
Stage I Stage II Stage IIT Stage IV 
Time 11.39* 12.12 12.28 12.48 
0-436 0-0560 0-0842 0.0801 
0-0268 0-0513 
0-634 1/160 0-665 0-517 
Time after injection 10’ 26 46’ 
1 * Injection at 12.02 
percentages : 
= > 122-0 191-4 
BH. 100 183-0 104˙9 81 


The analyses of the carbonic acid in several of these samples were not at all satisfactory 
and no conclusions can be based upon them. 
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We do not consider this experiment as entirely satisfactory. It can 
only be regarded as indicating the general result and we do not 
include it among those analysed in the latter half of the paper. 


Exr. 10. Dog of 12 kilos. Intestines washed out with warm saline solution. 


11.25. Operation completed. 

11.59. B.Fl.=75 ¢.c. per min. =0°508 o.c. per gm. per min. B.P.=120. 

12.02. Blood samples taken (I and 2). 

12.15. Hot saline injected into both ends of the intestine, allowed to stay there for 
two minutes, then withdrawn. This process repeated. The temperature 
of the saline was 55° C. The injection excited very marked peristaltic 
and pendulum movements of the intestine. This treatment was com- 
pleted at 12.25. 

12.89. B. FI. 120 ¢.c. per min. =0-805 c.c. per gm. per min. B.P.=107. 

12.41. Blood samples taken (3 and 4). 

12.51. B. FI. 100 c.c. per min. 0671 c.c. per gm. per min. B.P.=116.. 

12.52. Blood samples taken (5 and 6). 

1.10. B.Fl.=100 ¢.c. per min. =0°671 c.c. per gm. per min. B.P.=121. 

1.12. Blood samples taken (7 and 8). 


A small quantity of fluid was removed from the intestine at the end of the experiment. 
The mucous membrane was swollen and congested especially at the ends. On microscopic 
examination the epithelial cells did not appear markedly affected. Weight of intestine, 


149 grams. 
On analysis the following results were obtained: 
Analyses of the dilute Analyses corrected for 
Sample 02 CO, 02 CO, 02 CO, 
1. (1 1658 
22 38 
2. 2182 25-78 
23-72 27°45 
8, 16-41 28°55 
4 (1 19°63 2735 
3821 
5. ( 16-15 2797 
6. (1 19°74 238˙43 
7. 16°81 82°8 
(3) 8885 826 264 


8. 21°92 23-00 
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Hence: 

Stage I 

Time 12.02" 
0°0313 
co, .. 0°0321 
B. Fl. 0-503 
Time after injection 

Or in percentages : 
100 
CO, ... 100 
B. Fl. 100 

The average CO,/O, ratio= 0-65. 


Exp. 11. Dog of about 9 kilos. Good artificial respiration maintained throughout. 
Intestines washed out before being placed in the oncometer. 


10.40. 
11.14, 
11.18. 


11.30. 


There was slow absorption during the latter part of the experiment. 
The whole absorption amounted to about 7 ce. 18 c.c. was recovered 
from the intestine at the end of the experiment. The weight of the 
intestine was 130 grams; it was strongly injected and covered with 
mucus, On microscopical examination the epithelial cells were still in 
situ and but little change could be seen. That they were very much 


Operation completed 


81˙5 
58-6 


B.F1. =21°48 ¢.c, per min. = 0-169 c. e. per gm. per min, B.P.=129. 


Blood samples taken (1 and 2). 


100 c.c. of saline at 65° C. run in from each end of the intestine allowed to 
stay there one minute and then withdrawn. A small amount was left 
behind in the intestine. The hot saline excited very strong peristalsis 
which quickly subsided when the saline was removed. The whole process 


occupied five minutes. 


B. FI. 8948 o.c. per min. =0-304 c.c. per gm. per min. B.P.=98. 
Blood samples taken (3 and 4). 
. B.Fl.=89°48 per min. = 0-304 e. e. per gm. per min. B.P.=107. 
Blood samples taken (5 and 6). 
. B.Fl.=28-85 0. 0. per min. =0°222 c.c. per gm. per min. B.P.=101. 
Blood samples taken (7 and 8). 


damaged is proved by the very slow rate of absorption which was 
observed. 


VOGT. 

j Stage II Stage III Stage IV 

’ 12.41 12.52 1.12 

00310 00255 0-0855 
0°0181 0°0172 0°0177 

0-805 0-671 0-671 
3 16’ 27 47’ 
a tion finished 1. 93. 

99-1 113°4 
j 40°8 55˙1 
160˙1 183 ˙4 133 ˙4 

. 
—— 

11.41 

11.47 
12.07 

12. 
4 12. 

12.21 

| 
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The analysis gave the following results : 
Analyses of the dilute 
e Analyses corrected for 
Sample 07 00, 0, co, Oo C0, 
1. (1) 17°31 27°07 
2. (1 2029 ᷣ19˙82 | 
22.05 21-36 
3. (1 16°80 27°23 
4 1991 22.85 
5. 16°28 24°44 17°58 26-32 
6 (1 21°01 20°71 
21-09 21°84 22°59 22°55 
14°77 25°07 
8°79 2°34 
8. 22°93 21°74 | 
Hence 
Stage I Stage II Stage III Stage IV 
Time 11.15* 11,47 12.08 12.21 
0, ai 0-0071 0-0096 0-0154 0-0195 
co, 0-0150 0-0158 0-0114 0-0052 
B. FI. 0-169 0-304 0-304 0-222 
Time after injection 12 83’ 46’ 
Injection ended 11.35, 
Or in percentages 
0, 100 135˙2 216-9 273°2 
00, ry 100 102-0 76°0 
B. Fl. 2 * 100 179˙9 179°9 181-4 
The mean 00%, ratio is 0°91. 


As absorption was practically absent in this experiment it is certain 
that the epithelial cells were very much damaged. Whether they were 
killed it is impossible to say. In spite of the damage the oxygen intake 
is seen to be increased. This is most probably explained as due to the 
inflammation set up. It is interesting to note that the rate of oxygen 
intake progressively i increases, either due to recovery or perhaps to an 
inerease in the inflammation. These two experiments then do not 
give us an answer to the problem we attempted to solve by them. 
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DISCUSSION OF THE RESULTS. 


The oxygen intake of the intestine at rest. In the experiments given 
above there are 11 observations of the gaseous exchanges of the 
intestine while at rest. The mean of all these for the oxygen intake 
per gram of intestine per minute is 00179 cc. with a maximum of 
00313 ¢.c. and a minimum of 00056. This mean result is of the same 
order of magnitude as those found for the kidney, salivary gland and 
pancreas’. It is double that found by Barcroft and Dixon“ for 
heart muscle and nearly six times as great as that of skeletal muscle as 
found by Chauveau and Kaufmann’. 

The variations from the mean result found in different experiments 
are very considerable (0°0313 to 0°0056). In this the intestine shows 
the same phenomenon as has been observed for other organs. These 
differences probably depend upon individual variations, different degrees 
of nutrition etc., also probably upon the fact that the loops of intestine 
were not always in exactly comparable states. It is noteworthy that 
from the time we commenced to wash out the intestine thoroughly with 
saline solution before placing it in the oncometer, and allowed 30 minutes 
to elapse before taking the first samples the values observed at rest 
became much more uniform. 

It is possible that the oxygen intake may be dependent upon the 
oxygen content of the arterial blood flowing to the tissue, or again to 
the rate of blood flow through the tissue. That neither of these alone 
can account for the variations follows from a study of Tables I and II 
in which the results are placed in order of the oxygen content of the 
arterial blood (Table I), and of the blood flow (Table II), respectively. 

It is seen from Table I that several of the high oxygen intakes 
occur with low, oxygen contents of the blood. From Table II we see 
that there is a better correspondence between the rate of blood flow 
and the oxygen intake. As a general conclusion it is seen that the 
greater the rate of flow the greater the intake of oxygen though there 
are several notable exceptions. Our observations however allow us to 
test one other possibility, viz. that the oxygen intake may be dependent 
upon the rate at which oxygen is carried to the tissues. This rate is 
given us by the product of the amount of oxygen per c.c. of blood and 
the volume of blood flowing through per minute. 


1 See Article by J. Barcroft. Ergebn. d. Physiol. vn. p. 699. 1908. 
1 Barcroft and Dixon. This Journal, xxxv. p. 182. 


* Chauveau and Kaufmann. Comptes Rendus cut. p. 1068. 
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TABLE I. TABLE II. 


Exp. — — Exp. BFL — 
10 23-72 0-0818 10 0-508 0-0818 
9 23-18 0-0191 1 0-448 0-0280 
4 22-93 0-0229 5 0-438 0-0087 
7 20-49 0-0163 2 0-292 0-0308 
8 19°82 0-0056 9 0-857 0-0191 
- 18°87 0-0171 8 0-831 0-0056 
1 17°81 0-0071 6 0-319 0-0158 
2 17°84 0-0808 4 0-297 0-0229 
1 0-0280 0-292 0-0171 
6 15-77 0-0158 7 0-258 0-0168 
5 10-01 0-0087 11 0-169 0-0071 


Table III gives us the results arranged in order of this total oxygen 
supply to the tissue. 


TABLE III. 

Exp. — 
10 0-1193 0-0813 
4 0-0838 0-0229 
4 0-0828 0-0191 
1 0-0736 0-0230 
2 0-0679 0-0803 
3 0-0640 0-0056 
0-0551 0-0171 
7 0-0529 0-0163 
6 0-0508 0-0158 
5 0-0433 0-0087 
1 0-0302 0-0071 


There is here seen to be a much closer correspondence between the 
two sets of figures, indeed there are only two which fall notably out of 
the series, viz. Expts. 2 and 3. Otherwise the correspondence is well 
marked. We have no observations enabling us to estimate the influence 
of the oxygen tension of the arterial blood upon the oxygen intake, 
but in this connection it is to be remembered that in all the experiments 
dealt with in these Tables the blood was well arterialized, the animal 
being under artificial respiration throughout. Hence the oxygen 
tension must have been fairly uniform in the various experiments. 
Another factor the influence of which we are not able to eliminate is 
the degree of anwsthesia. This varied during our observations and in 
one or two instances the oxygen intake fell on increasing the anesthesia. 
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We have always aimed at maintaining a light anesthesia throughout 
but this factor undoubtedly exerts a marked effect in producing variations 
in oxygen intake. Yet another cause in operation is the fall in body 
temperature consequent upon the anesthesia and the exposure of the 
intestines during the operation. As far as possible this was minimised 
by protecting the animal by covering it up with cotton wool. The 
operating table is also provided with a warm water tank on which the 
animal lies and lastly the intestines were covered with warm cloths 
the whole of the time they were being operated upon. In spite of all 
precautions however changes of body temperatures occurred and in the 
one instance (Exp. 2) in which this was marked, the oxygen intake fell 
as the temperature fell. It is possible then that some of the other 
variations observed during our experiments are to be ascribed to a fall 
in body temperature. 

As a general conclusion we may state that the mean oxygen 
intake for the whole intestine is 00179 c.c. per gram per 
minute, and that approximately the intake varies directly 
with the rate of oxygen supply to the tissue. 


The carbonic acid output during rest. For the determination of 
this output we have 11 observations taken while the intestines were 
at rest. They give a mean result of 00199 cc. per gram per minute 
(max. 0°0321, min. 000891 Cohnheim' found that the intestinal 
muscle produced carbonic acid at the rate of 0:0022 to 00031 cc. per 
gram per min., his observations being performed upon the surviving 
small intestine immersed in a physiological saline solution. In Table IV 
we give the carbonic acid output in our experiments arranged according 
to the amounts of carbonic acid in the several arterial bloods. 


TABLE IV. 
Exp. COy in arterial blood CO, output 
ll 21°36 00150 
2 22-90 0-0285 
6 24-29 0-0263 
7 27-07 0-0146 
10 27°45 0-0321 
3 28°79 0-0184 
8 29-32 00272 
1 34°85 0-0148 
4 35°45 00136 
9 35-99 0°0195 
10 


ohnheim. Ztschr. f. physiol. Chemie, Liv. p. 461. 
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From this it is seen that there is no definite relation between 
these two series nor could we find that the output varied in any way 
with the rate of blood flow. In one experiment (Exp. 5) the arterial 
blood contained more carbonic acid than the venous and gave a carbonic 
acid intake of 00089 cc. per gram per min. The analyses in this 
instance were not, however, very satisfactory so we cannot lay any stress 
upon this point. A glance at column three of the preceding Table 
shows that the output of carbonic acid during rest was on the whole 
very uniform. The respiratory quotient calculated for all eleven 
observations comes to 1-11. 

The rate of blood flow during rest. Experiments by Burton-Opitz! 
have been published in which using a modification of Hiirthle’s 
Stromuhr inserted in the superior mesenteric vein he finds an average 
of 0°31 cc. of blood per gram per min. travelling through the vein. 
Schmid“, who also employed Hiirthle’s Stromuhr, found a mean 
volume of 0°25 cc. of blood per gram per min, flowing along the 
portal vein. The blood was derived in this instance from the stomach, 
pancreas and spleen as well as from the small intestine. The results in 
our observations taken while the intestine was at rest give a mean 
result of 0345 C. per gram per min. (max. 0°503 and min. 0°169). As 
is to be expected there is a very considerable variation in flow in 
different experiments, depending upon the degree of constriction of the 
arterioles. In our experience rates as high as 0°6 c.c. per gram per 
min. are quite common. They are distinctly bigher than those 
obtained by Burton-Opitz or Schmid, a result we ascribe to the 
fact that in our method of determining the rate of flow of blood the 
capillary outflow is not forced to overcome the extraneous resistance of 
a Stromuhr, nor is the circulation temporarily arrested as must be the 
case when cannulz have to be inserted in the vein. 


The variations produced by activity. 

In considering our results under this heading we will separate them 
into the three stages at which samples were taken in our experiments. 
The first pair of these samples was taken some 11 to 18 minutes after 
the injection of the fluid into the intestine. Our aim here was to 
secure a sample at the height of the activity aroused by the injection. 
The second pair of samples was taken about 30 minutes after the 


1 Burton-Opitz. Pfliiger’s Arch. oxxtv. p. 469. : 
* Schmid. IJbid. cxxv. p. 527. 
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injection. At this period we found that absorption was still actively 
proceeding but not at so rapid a rate as in the former instance. The 
third pair of samples was taken about 50—60 minutes after the 
injection, i.. at a time when, as a rule, the whole of the fluid had 
been absorbed and the intestine had just returned to a condition of 
rest. We refer to these as Stages II, III and IV respectively, Stage I 
referring to the observations taken while the intestine was at rest. 


Srace IL 


The owygen intake. Our experiments, in which, as we have seen, 
activity was brought about in various ways yield us a mean value of 
00234 cc. per gram per min. (max. 0°0358, min. 00096). In these 
experiments there is thus an increase to 131% of the mean value found 
during rest. 

On comparing the oxygen intake for the several experiments with 
the oxygen content of the blood or with the rate of blood flow through 
the organ we are again unable to trace any relationship. When, how- 
ever, we compare the total oxygen supply to the tissue with the oxygen 
intake (Table V) we again see that there is an approximate corre- 
spondence between the two values, though the approximation is not so 
marked here as in Stage I. The form of activity in these cases is 
often, however, very diverse. In some, absorption is actively taking 
place, in others, secretion. But if we take Experiments 4, 5 and 6 in 
which simple saline was being absorbed the relationship between the 
two sets of figures is very close. Exp. 3, where the activity is very 
similar, also falls into that series. 


TABLE V. 
10 01711 0-0310 Treated with hot saline 55° C. 
7 0-1575 0-0245 Injection of 2% NaCl. 
4 0-1009 Absorbing 1% NaC). 
9 00974 0-0203 MgSO, injection. 
6 0-0786 00287 Absorbing 1% NaCl. 
8 0-0664 0-0286 NaCl 4°64 °,. 
11 0-0640 0-0096 Treated with hot saline 65° C. 
3 0˙0625⁵5 o-o196 Absorbing distilled water. 
5 00508 o-0194 Absorbing 1% NaCl. 


In Experiments 7, 8 and 9 secretion was actively in progress but to 


very different degrees. In the two latter there was much secretion of 
mucin. | 
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The carbonic acid output. The mean of the several observations at 
this stage is 0°0187 c.c. per gram per min. (max. 0°0424, min. 0°0056). 
We cannot trace any relation between the output and the carbonic 
acid content of the blood flowing to the organ. The respiratory 
quotient for all observations at this stage taken collectively is 1:04. It 
is to be noted that the mean output at this stage is only 94°/, of that 
of the resting stage (0°0187 as compared to 0°0199 c.c.). 

The blood flow. The mean blood flow for all observations of this 
stage is 0481 c.c. per gram per min. (max. 0°805, min. 0304 c.c.). This 
is @ distinct increase in blood flow as compared to the resting stage. 
In amount it is 139°/, of the value at rest. This increase is by no 
notably the kidney’. 


Srace III. 

The oxygen intake. In this stage the samples were taken at an 
average of 31 mins. after the injection of the solution into the intestine. 
We have eight observations of the oxygen intake at this stage and the 
mean is 0°0199 c.. per gram per min. (max. 0°0263, min. 0°0154 c. c.) 

This is 111% of the mean oxygen intake at Stage I (0°0179 c.c.), a 
smaller increase which corresponds to the decrease in absorptive activity 
at this stage as compared to that of Stage II. In Table VI the series 
is arranged in order of the values for the oxygen supply to the tissue 


in c.. per gram per min. 


TABLE VI. 
— 

10 0-1428 0-0255 Treated with saline at 55° C. 
4 0-1116 0-0282 Absorbing 1 °/, NaCl. 

11 0-0687 0-0154 Treated with saline at 65° C. 
4 0-0530 00169 Absorbing 4-6 % NaCl. 
8 0-0438 00120 „ distilled water. 
5 0.0866 0-0210 „ 1% NaCl. 


Carbonic acid output. The mean output calculated from the seven 
observations of this stage is 00138 c.c. (max. 00319, min. 0°00386 c. c.). 
There is thus a fall to 69°/, of the output at Stage I. This marked 
fall in carbonic acid output is very characteristic. It is to be observed 
in all experiments and we refer to it again later. The C0% O, ratio 


1 We have but rarely observed the blood flow in the intestine to rise above 1°3 c. e. per 
gram per minute in any experiment. 
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taken for all observations is 0°69. In one experiment (No. 7) the 
arterial blood contained at this stage more carbonic acid than the 
venous. 

Blood flow. The mean for all observations taken at this stage is 
0˙429 c.c. per gram per min. (max. 0°671, min. 0°232 cc). This is 
124% of the mean obtained at Stage I. 


Srace IV. 


Oxygen intake. We have eight observations upon the intake at 
this stage, the mean of all these being 00210 c.c. (max. 0°0355, min. 
00068 Cc.) This latter is 117°/, of the mean figure of the same 
experiments at Stage I. In Table VII we place the series in order of 
the rate of oxygen supply in c. c. per gram per min. 


TABLE VIL. 
— 

10 0-1543 0-0855 Treated with saline at 55° C. 
7 0-1464 00231 Absorbing NaCl solution 2°/,, Stage IV. 
7 0-1419 0-0190 
4 0-1158 o-0328 „ 1%. 
9 0˙1004 0˙0166 MgS0, 
6 0˙0811 Absorbing NaCl solution 1%, Stage III. 
6 0-0707 00212 ” ” we. 
8 0-0550 00121 distilled water. 

1¹ 0-0543 0-0194 Treated with saline at 65° C. 
5 0-0316 o-0068 Absorbing NaCl solution 1 °/,. 


Again if we take those experiments (3, 4, 5 and 6) in which the 
intestine is in relatively the same state the figures of the two series vary 
in the same direction. 

The carbonic acid output. For the determination of this we have nine 
observations. These give a mean of 00170 cc. (max. 00407, min. 

c.c.). This is only 80°/, of the mean value of all observations 
at Stage I so that the carbonic acid output though at a higher level 
than in Stage III has not yet returned to the average value found in 
the resting organ. The mean CO,/O, ratio at this stage is 0°91. 


The blood flow. The mean blood flow from eight observations at 


this stage amounts to 0442 C., per gram per min. (max. 0°695, min. 
0'222c.c.). The mean is 128°/, of the mean value of Stage I. 
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GENERAL RESULTs. 


In the following two Tables we bring together the general results 
we have just discussed in detail, arranged under the four stages in 
which we made it a practice of collecting the blood samples. The 
small figures in brackets after each quantity indicate the number of 
observations from which each value is calculated. Table IX gives the 
results of Table VIII expressed as percentages of the values of Stage I. 
They show clearly the general trend of the results, how the oxygen 
intake rises with activity and how a relative fall occurs at Site III. 
The carbonic acid output is in all the three stages of activity lower 
than the value at rest and this is especially the case at Stage III. The 
blood flow is higher in all three stages but again there is the same 
decrease in rate at Stage III. The variations in carbonic acid output 
are especially interesting and their significance is brought out by 
considering the CO,/O, ratio which in all stages of activity is less than 
that at Stage I. This decrease in the carbonic acid output may be 
due to several causes. In the first place, the method employed is not 
so accurate for estimating the carbonic acid content of the blood as it is 
for the oxygen content. But the errors of estimation are not 80 great 
that they can explain the large variations seen here. In the second 
place, we must remember that the intestine may be secreting fluid 
alkaline in reaction, which would, therefore, contain a considerable 
amount of carbonic acid. In the one instance, however, in which we 
estimated the carbonic acid content of the fluid contained within the 
intestine, its amount did not explain the decrease in quantity as observed. 
It must, moreover, be remembered that in most cases the whole of the 
fluid was ultimately absorbed and was already largely absorbed or being 
absorbed without further secretion at Stage III. So that if fluid from 
the intestine containing much carbonic acid was being absorbed at this 
stage the value there ought to be higher than the others, whereas, on 
the contrary, it is the lowest. It is, of course, true, that the largest 
amount of absorption took place between Stages III and IV and the 
carbonic acid then absorbed would have escaped our observation. The 
samples of Stage II were taken shortly after the introduction of a 
considerable volume of fluid into the intestine. This fluid contained 
practically no carbonic acid and it is therefore very probable that a 
considerable amount of carbonic acid would diffuse from the blood and 
tissues into this fluid and this might easily mask an increase in 
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carbonic acid formation when it is being determined, as in our experi- 
ments, by the analyses of the blood only. We have no analyses of the 
gaseous content of the injected fluids at the time the blood samples 
were collected. 


TABLE VIII. 
Stage I Stage IT Stage III Stage IV 
0, 00179 (11) 0-0284 (9) 0-0199 (8) 0-0210 (8) 
00, 0-0199 () 00167 (9) 0-0188 (7) 00170 (8) 
B. Fl. 0-845 (11 0-481 (0 0-429 (8) 0-442 (8) 
C0,/0, 11¹ 0-80 0-69 0-81 
Mean time after injection 15 mins. 81 mins. 55 mins. 
TABLE IX. 
Stage I Stage II Stage III Stage IV 
0, 100 181 1¹ 117 
co, 100 94 69 80 
B. Fl. 100 139 124 128 


We have two instances in which there was less carbonic acid in the 
venous blood than in the arterial. In both these cases secretion was 
occurring actively, thus offering an explanation of the result, and the loss 
of carbonic acid was only slight (0°0076 and 00096 c.. per gram per min.). 
We cannot, however, lay any stress upon these two instances because in 
both cases the original analyses were marked at the time as being not 
altogether satisfactory. The last explanation which is possible is that 
there is a lag in the carbonic acid production as compared to the oxygen 
consumption, i.e. a carbonic acid “hysteresis.” This we believe is the 
true explanation more especially for Stages III and IV of the divergence 
of the carbonic acid figures from the oxygen figures, and it is further 
borne out by considering the significance of the high respiratory quotient 
obtained by us in Stage I of our experiments. Here the intestine has 
been at rest for some time. Probably the washing out excited some 
activity and at the time our samples were taken the intestine was 
still repairing waste substance as indicated by an extra discharge of 
carbonic acid. This stage then in our opinion indicates once more 
the carbonic acid hysteresis which appears to be a general feature in 
carbon metabolism. The experiments upon the gaseous metabolism of 
the kidney by Barcroft and Brodie also showed the same phenomenon. 

If we take the mean CO,/O, ratio for all our observations, 36 in number, 
in Experiments 7—17 it is found to be 0°87. If however we include all 
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the earlier experiments as well it is 0°96. In the latter instance the 
indication is that the main material consumed in the intestine is 
carbohydrate. The figure in the later experiments is, however, 
distinctly lower, and while showing that the main material consumed is 
carbohydrate yet indicates that some is either protein or fat. 

There is yet one other point of considerable interest in connection 
with the carbonic acid excretion to which we would draw attention. 
This is found in the experiment (Exp. A) in which dilute hydrochloric 
acid was injected. In the second period of that experiment there is a 
very great increase in the carbonic acid output which is all the more 
striking because of the small amount which was being eliminated during 
Stage I of the experiment. This too is in spite of the fact that a 
considerable amount of secretion containing mucin was being poured 
into the intestine. If one looks at the carbonic acid figures of the 
analyses ‘of the arterial samples of the experiment it is seen that the 
arterial sample of that stage contains from 4 to 5 volumes per cent. less 
carbonic acid than the samples of the other two stages. Hence the 
probable explanation appears to be that the absorption of the acid or 
secretion of an alkaline fluid removing some of the alkali of the tissue 
raises the carbonic acid tension of the tissue and therefore results in a 
more rapid output. Moreover, the absorption of acid or secretion of 
alkali has apparently diminished the carbonic acid carrying capacity of 
the blood, as evidenced by the analysis of the second arterial sample. 
Unfortunately we only have one experiment of this class at the present 
time, so that we must not lay too much stress upon this explanation. 


CORRECTION OF THE FIGURES ON ACCOUNT OF ABSORPTION. 


In several of the experiments a considerable volume of fluid was 
being absorbed, especially at the time the second pair of blood samples 
was collected, and it is therefore necessary to correct the final figures by 
taking this absorption into account. We are not able to do so for all the 
experiments, as the rate of absorption was only recorded in a few. 
Moreover, as the observations were only conducted with a view to 
obtaining an approximation to the true rate, we cannot lay any great 
stress upon the corrected figures thus obtained. The general result of 
the correction for absorption will be to diminish the oxygen intake N 
to increase the carbonic acid output. 

In some of our experiments, upon the other hand, active secretion 
into the intestine was recorded and this, again, requires a correction of 
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the figures already given. We therefore group together in this section 
all those experiments in which corrections of this kind are possible. In 
making the corrections we assume that the general increase or decrease 
of volume, as measured oncometrically, was due to an absorption from, 
or a secretion into the intestine, and that fluid removed passed away by 
the blood. We assume, that is, that there was no general vascular 
change interfering with our observations upon the rate of absorption. 
That we may do so follows from our observations upon the rate of blood 
flow, which, as we have seen, remained nearly constant once the big 
change brought about by the introduction of the fluid into the intestine 


was complete. That we are under- rather than over-estimating the rate 


of absorption is proved by comparing the volumes of fluid absorbed, as 
estimated oncometrically, with the total volume known to have been 
absorbed during the whole experiment. We will take Exp. 3, p. 142, 
in illastration of the manner in which we have made the corrections. 
At 12.06 in that experiment the blood flow along the veins was 35°71 Cc. 
Of this, 2°4c.c. was fluid which had been withdrawn from the interior 
of the intestine. Hence only 33°31 C. of arterial blood entered the 
intestine per minute. This would contain 6°292c¢.c. of oxygen and 
8956 Ce. carbonic acid. The 35°71... of venous blood contained 
4839 C0. of oxygen and 11°'72c.c. of carbonic acid. Hence the total 
exchanges per minute were 1453 C. c. of oxygen and 2°764.c.c. of carbonic 
acid, or per gram per minute 0°0132c.c. O, and 00256 C. CO,, figures 
which vary considerably from those obtained when we neglect to make 
this correction for the absorption. In this particular instance the 
variation is great because the rate of absorption was high. The 
figures for Stage III of the same experiment give on correction 
00109 c.. O, per gram per min. and 0°0090c.c. CO,, which is still 
an appreciable correction. Hence the corrected results for the whole 


experiment are: 


Stage I Stage II Stage III Stage IV 
0, 0-0056 0-0132 0-0109 0-0121 
00, 0-0184 0-0256 0-0090 0-0146 


Exp. 5, p. 145, gives us the following results after correction : 


0, 0-0087 0-0173 0-0186 0-0068 
00, 0-0089 0-0118 0-0107 0-0407 
Exp. 6, p. 146, gives: N 
05 0-0158 0-224 0-0247 0-0216 


00. 0-0263 0-0160 0-0218 00160 
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In Exp. 7, p. 148, the intestine was increasing in volume during 
Stage II, and the corrections are therefore in the opposite sense. The 
corrected results are : 


Stage I Stage IT Stage III Stage IV 
0, 0-0163 0-0271 0-0175 0-0196 
co, 0-0146 0-0394 ~ 00056 00113 


These corrections do not alter the nature of the general conclusions 
we have already drawn, the most important effect. being to diminish the 
oxygen intake. As a consequence the respiratory quotient is increased. 
The four experiments given above are all of a very similar character. In 
the first distilled water was being absorbed, in the second and third 
094% NaCl solution and in the fourth 2% NaCl solution. As, more- 
over, absorption was being actively effected in all cases we may fairly 
group the four experiments together. Taking the means of the successive 
observations, we get the following general results: 


TABLE X. 
; Stage I Stage II Stage III Stage TV 
0, 0-0116 0-0200 00179 0-0150 
co, 0-0171 0-0232 0-0138 0-0207 
B. Fl. 0˙335 0-512 0-413 0-427 
R. Q. 1-47 1-16 077 1-38 


these in percentages as in Table IX we have: 


TABLE XI. 
100 172˙4 154˙3 129°3 
co, 100 185 ·7 80°7 121-1 
B. Fl. 10⁰ 152-9 123-3 1278 


THE GASEOUS EXCHANGES OF THE EPITHELIAL CELLS OF THE 
INTESTINE. 


It is very desirable and, for many purposes, indispensable that we 
should be able to discriminate between the gaseous exchanges of the 
various constituent tissues of the intestine. More particularly is it 
important for us to gain some knowledge of the exchanges of the 
epithelial layer. As previously stated, attempts which were made to 
determine this experimentally by paralysing or destroying the epithelial 
cells were not successful, but the approximate value of these exchanges 
can be found by calculating the probable exchanges of the less active 
portions of the intestine and subtracting these from the total values 
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experimentally found. The most important of these less active tissues 
is of course the non-striated muscle. From the results of Chauveau 
and Kaufmann for skeletal muscle, and of Barcroft and Dixon for 
the heart, we may conclude that the oxygen intake of resting muscle 
will not amount to as much as 0°01 C. e. per gram per min. This amount, 
if anything, appears excessive if we deduce the oxygen consumption from 
Cohnheim’s experiments upon the non-striated muscle of the small 
intestine in which the carbonic acid output was determined. Cohnheim 
found that 0:003c.c. CO, per gram per min. was given off under the 
conditions of his experiments. Assuming, then, a respiratory quotient of 
0°8, the oxygen intake would amount to 000375 cc. per gram per min. 
We think these figures are too low, because the loops of intestine were 
simply immersed in oxygenated Ringer's solution and not fed through 
their blood vessels. 

For our calculations we dissected off the muscular from the mucous 
and submucous coats and found, as the result of several estimations, that 
the muscular coat amounted to rather more tyawn frdmof the whole 
intestine. Again, in the mucous and submucoustial bloc have muscle 
which we may estimate as amounting to at läst 5°/,, and we may 
certainly allow a further 5°/, for the less active tissues (connective tissue, 
&c.), thus giving us a minimum amount of 50% of tissue in which the 
oxygen intake is certainly not greater than 0°0lc.c. per gram per min. 
In calculating the CO, output for these less active tissues we act upon 
the assumption that the respiratory quotient is O8. This gives us a CO, 
output of 0008 C.. per gram per min. 

It was only in rare instances that any decided movements were 
observed in the loops enclosed within the oncometer, so that taken 
generally the activity of the muscular coat and therefore probably its 
oxygen intake underwent but little change. Therefore in making our 
calculations we have assumed that the less active tissues of the intestine 
retained the same gaseous exchanges throughout all stages of our 
experiments. 

Taking into account, therefore, the 50°/, of less active tissue we have 
the following numbers for the exchanges per gram per minute of the 
remainder, the calculations being made from the mean results given in 
Table VIII, p. 166. | | 

| TABLE XIL 


Stage I Stage II Stage III Stage IV 
0-0258 0-0368 0-0820 
0-0318 0-0294 0°0196 0-0260 
1-23 0°80 0°81 
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Or in percentages 2 
TABLE XIII. 
Stage I Stage II Stage III Stage IV 
O0. 100 142˙7 115°5 124°5 
co, 100 92°5 61°7 81˙8 


If the assumptions we have made above are correct, it is seen then 
that the oxygen intake and carbonic acid output of the epithelial cells 
are higher than the corresponding figures for the intestine as a whole 
(compare the figures given above with those of Tables VIII and 1X), 
and compare very well with the corresponding figures previously obtained 
for other epithelial tissues, such as the kidney or salivary gland. It is 
to be noted, moreover, that this estimation of the exchanges of the 
epithelial cells yields us a distinctly greater increase of oxygen con- 
sumption when the cells are thrown into activity than appears when we 
are considering the figures obtained for the intestine as a whole. Even 
then it is very striking that the increase should only amount to 40% of 
the exchange while at rest, even though we are certain that the 
intestine was under fairly normal conditions, because the absorption 
was effected quite rapidly. We may point out that the figures obtained 
during Stage I are high and it is quite possible that they do not repre- 
sent a minimal oxygen intake, for we only allowed a period of 30 minutes 
to elapse between the washing out of the intestine and the taking of the 
first pair of samples, and this may not have been long enough to have 
permitted the intestine to return to a completely inactive state. This 
is also borne out by an examination of the results described in the 
succeeding paper, describing experiments which were conducted later 

those given in this paper. We are also quite sure that in supposing 
that the epithelial cells amount to as much as 50°/, of the total weight 
of the intestine we thereby materially under-estimate the gaseous 
exchanges of this portion of the intestine. 

In conclusion, we wish to express our indebtedness to Miss 
Winifred C. Cullis for much valuable help during the course of 
our work. 


CONCLUSIONS. 


1. The oxygen intake of the small intestine as a whole varies 
between 00056 and 0°0313c.c. per gram per min., with a mean of 
00179 00. | 

2. The carbonic acid output varies between 00089 and 00321 cc. 
per gram per min., with a mean of 00199 c.c. 
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3. The respiratory quotient for the small intestine at rest has a 
mean value of 111. 

4. During the activity caused by making the intestine absorb such 
solutions as distilled water, normal saline, 2% NaCl, &., the oxygen 
intake rises to 131°/, of the value at rest, while the CO, output falls to 
94°/, of that at rest. In later stages the oxygen intake falls off, but is 
still greater than at rest (111°/, and 117*/, at about 30 mins. and 
60 mins. after the injection of the solution to be absorbed). 

5. Ata stage which averaged 31 mins. after the injection, the CO, 
output shows a very remarkable fall to 69°/, of the value at rest. This 
is almost uniformly present in all experiments and even though the 
intestine is still actively absorbing. At the same time there is commonly 
a relative increase in the oxygen intake, though in many experiments 
this effect is not present. 

6. The blood flow through the intestine at rest varies from 0˙169 
to 0°503 c.c. per per min., with a mean of 0345 cc. 

7. During the activity of absorption the blood flow increases on an 
average to 139°/,. The maximum flow observed in any experiment was 
130. per gram per min. 

8. The oxygen intake of the epithelial cells of the intestine is higher 
than that of the intestine as a whole. It is estimated at 0°0258c.c. per 
gram per min. during rest and at 0°0368¢.c. per gram per min. at the 
height of activity, as compared to 0°0179 and 00234 Cc. for the intestine 
as a whole. 

9. The CO, output for the epithelial cells of the intestine is higher 
than for the organ as a whole and is estimated at 0°0318 ¢.c. per gram 
per min. at rest, and falls during activity to 00294 c. as compared to 
00199 and 00187 d. per gram per min. for the whole intestine. 

10. When corrections are made for absorption the oxygen intake at 
the height of activity is a little less than the figures given above, and 
the CO, output a little greater. (See Table X, p. 169.) 


The expenses of this research have been largely defrayed by Grants from the Govern- 


ment Grant Committee of the Royal Society and from the British Association for the 
Advancement of Science. 
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THE GASEOUS METABOLISM OF THE SMALL IN- 
TESTINE. Part II. THE GASEOUS EXCHANGES 
DURING THE ABSORPTION OF WITTE’S PEP- 
TONE. By T. G BRODIE, M. D., F. RS., W. C. CULLIS, 
D. Sc., Ax D W. D. HALLIBURTON, M D., LL. D., F. R. S. 


(From the Physiological Laboratories of the London School of Medicine 
for Women, of the Royal Veterinary College, London, and of King’s 
College, London.) 


THE experiments described in this paper are a continuation of those 
given in the preceding, only we are here dealing with absorption of a 
protein solution instead of salts. For these experiments we chose the 
simplest possible protein for our purpose, viz. a solution of Witte's 
peptone, because the only ferment necessary for its digestion is provided 
by the intestine itself The processes involved are of necessity very 
complex, involving both secretory and absorptive mechanisms, but as 
peptones are readily and easily absorbed under the conditions of our 
experiments we decided to study the effects following their introduction 
into the intestine as a preliminary to similar experiments in which 
different proteins may be experimented with. The plan of our experi- 
ments is precisely similar to that described in the preceding paper to 
which we may therefore refer. The peptone was dissolved in physio- 
logical saline solution, the concentration employed being in all cases 
10 %. The amount and character of the absorption was determined by 
making nitrogen estimations of the fluid injected and of that remaining 
in the intestine at the end of the experiment. The nitrogen was 
estimated by Kjeldahl's method, the analyses always being performed in 
duplicate. The intestines were washed out carefully with saline before 
they were placed in the oncometer and at the end of the experiment the 
fluid still unabsorbed was removed and measured and the intestine then 
washed out with saline solution. The washings were mixed with the 
first fluid and the nitrogen gontent then determined, any mucin or 
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coagulable protein which might have been secreted into the gut during 


the experiment being removed by adding a little sodium chloride and 
acetic acid and boiling. No further attempt to follow other changes 
which may have taken place in the solution during its stay within the 
intestine was made. Cathcart and Leathes’ have already studied the 
absorption of a peptone solution under similar conditions and have 
traced the form in which the nitrogen occurs within the blood. 

In five of our experiments 100 c.c. of peptone solution warmed to 
body temperature were injected into the intestinal loop in one dose; in 
the other two the solution was injected in small doses of 10 c. c. at about 
10 minutes intervals. 


In the first instance we give the protocols of the various experiments 
and the results obtained and we then discuss them as a whole. Experi- 
ment 2 failed and is therefore omitted altogether. 


Exp. 1. Dog, weight about 11 kilos. Operation as usual. No artificial respiration. 
Operation completed. 

B.Fl.=21°91 ¢.c. per min. =0°213 c.c. per gm. per min. 
Blood samples taken (1 and 2). 

100 C. c. of peptone solution injected (10% ). 

B. HI. 44°85 C.. per min. =0°485 b. e. per gm. per min. 
Blood samples taken (3 and 4). 

B. NI. 81°98 c.c. per min. =0-810 per gm. per min. 
Blood samples taken (5 and 6). 

B. Fl. 89°25 ¢.c. per min. =0°381 o. o. per gm. per min. 
Blood samples taken (7 and 8). 

B. Fl. 89-25 0. 0. per min. =0°381 c.c. per gm. per min. 
Intestine removed. Weight, 103 gms. 


The intestinal contents amounted to 40 ce. The intestine was washed out with 90 c. o. 


warm saline solution. Washings and original solution were then acidulated, boiled, 
filtered and analysed for N. 


The analysis of the blood samples gave the following results : 


Analyses of dilute On correction for 
* samples dilution 


Differences 
0, co, 0, co, 0. co, 
1 17°19 87°41 
16°75 36:38 18°18 89°50 
2 (1 20°59 82-00 
3. 1527 81°18 
14°62 81°51 15°98 35°38 


4 1720 228˙01 
179 18°77 28°77 


* Cathcart and Leathes. This Journal, XXIII. p. 462. 1906. 
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Analyses of dilute On correction for 
samples dilution Differences 
Sample 0, 00, 0. 00, 0, 00, 
5. (1) 15°67 27°80 
1679 e 2078 
6. 18°52 28-62 ee 
wes 19°86 29-86 
7. 15°51 83°79 
1531 30-90 1697 84°37 
8. ) 18°66 81°15 | 
The values expressed as e. o. per gm. per minute: 

Stage I Stage II Stage III Stage IV 
Time oh 3.59° 4.22 4.57 5.07 
0, 8 0-0084 0-0124 0-0095 0-0185 
co, ... 0»0181 00288 0· 0000 0-0075 
0-218 0°435 0-310 0-381 
Time after injection — 15’ 50’ 60’ 

* Injection at 4.07. 
Expressed in percentages of the values of Stage I as 100: 
0, 100 147-2 113-7 160-6 
co, 100 219-9 0-0 57°83 
1 a0 100 204-2 145°5 1838-0 
The mean CO,/O, ratio=1°13. 
Total N in solution injected 1-590 gm. (1°59 %%). 
„ recovered 1-014 gm. % . 
N pe ... 0-576 gm. 
=0-0096 gm. per min. 


Exr. 3. Dog, weight 14 kilos. Artificial respiration. 


10.35. Operation completed. B.P. 110. 

10.57. B. FI. 60°25 o.c. per min. 0426 b. 0. per gm. per min. B. P. 110. 
10.59. Blood samples taken (1 and 2). 

11.08. 100 C. c. of warm peptone solution injected (10 °/,). 

11.21. B. FI. 112°6 c.c. per min. =0°690 C. 0. per gm. per min. B. P. 125. 
11.28. Blood samples taken (8 and 4). 

11.89. B. FI. 198°5 c.c. per min. =0-788 c.c. per gm. per min. B. P. 120. 
11.41. Blood samples taken (5 and 6). 

11.58. B. FI. 100 c.c.=0°614 o.c. per gm. per min. B.P. 118. 

12.08. Blood samples taken (7 and 8). 

12.10. Intestine removed. Weight, 163 gms. 

45 0. 0. of fluid were recovered from the intestine. The intestine was washed out with 


100 c.c. saline solution. Washings and original fluid mixed, a little sodium chloride 
addéd, acidified with acetic acid, boiled, filtered and analysed for N. 
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The analysis of the blood samples gave the following results for the oxygens, the 
results for carbonic acid not being satisfactory are omitted: 
of correction 
Sample 0, 0, 0, ; 
1. (1 12-29 ; 
3) 18-56 gine 
4-38 
2 (1 16-69 
17°81 
3. (1 13°82 
15-03 
8-08 
4. (1 17°21 ; 
3 18°11 
5. (1 12°60 
18°58 1896 
8°68 
6. (l) 1386 ˙84 
17°12 17°66 
7. (1 12˙49 
12-68 
8-91 
8. 15°78 
16-72 
The values expressed as c.c. per gm. per minute are : 
Stage I Stage II Stage III Stage IV 
Time — 10.59" 11.23 11.41 12.08 
o, 0-0186 0-0218 0-0290 0-0240 
0-425 0-690 0-788 0-614 
Time a3 — 15’ 33’ 60’ 
Injection at 11,08. 
Expressed in percentages of the values of Stage L as 100: 
0, 100 155-9 129-0 
B. Fl. we 100 162˙4 185˙4 144°5 


Total N in solution injected 1°55 gm. (1-55 %,). 


ra recovered 1°03 gm. (2°83 % . 
N absorbed 150 „ 052 gm. 
=0-0087 gm. per min. 


Expr. 4. Dog, weight 11-5 kilos. 

11.25. Operation completed. 
12.30. B. FI. 42°35 0.6. per min. =0°390 c.c. per gm. per mia. B. P. 0. 
12.35. Blood samples taken (1 and 2). 
12.50. Injection of 100 ¢.c. of peptone solution (10 % . 7 N 
12.56. Rate of absorption 0-4 ¢.c. per min. | 
12.59. B. Fl. 85°71 C. o. per min. =0-790 ¢.c. per gm. per min. B. P. = 80. 

1.02. Blood samples taken (8 and 4). 

Rate of absorption 0-6 e. o. per min. 
1.09. 25 0.0. of solution removed from intestine. 
1.19. B. Fl. 100 c.c. per min. =0°922 ¢.c. per gm. per min. B. P. =98. 


“ 
~ 
— 
at 
fi 
* 
} 
* 
— 
44 
2 
7 
a 
* 
* 
“al 
| 
| 
. 
‘ 
8 


GAS EXCHANGE IN INTESTINE. 177 


1.21. Blood samples taken (5 and 6). 
Rate of absorption 0°65 ¢.c. per min. 
1.27. 10 0.0. of fluid removed from the intestine. 
1.44. Rate of absorption 0-4 ¢.c. per min. 
1.45. B. Fl. 46°16 ¢.c. per min. =0-425 ¢.c. per gm. per min. B.P.=80. 
1.47. Blood samples taken (7 and 8). 
1.49. Intestine removed. Weight, 108-5 gms. 


32 0.0. of fluid was recovered from the intestines. The intestine was then washed out 
with 100 b. 0. of warm saline solution and the washings mixed with the fluid recovered at 
the erid of the experiment. The whole was then treated with sodium chloride and acetic 
acid, boiled, filtered and analysed for N. 

The analysis of the blood samples gave the following results : 


Analyses of dilute On correction for ; 
dilution Differences 
0. CO, 0; 00, 0, 00, 
1. 850 17-23 27°11 18°22 28 67 
17°52 28-39 18°52 30°01 
269 715 
2. (1 19-92 230 21-50 21-90 
2 19°11 20°84 20°62 22-49 
3. 16°88 24°92 18°07 26-68 
18°07 25-68 19°82 27°46 
2-04 O18 
4. (1 19°79 25°43 21°64 27°44 
(3 — 24°51 — 26 44 
5 — 30˙24 — 82°59 
18°83 19˙84 * 
1°80 3°54 
6. (1 19°88 26°12 21°43 28°82 
85 20°26 27 U 21°85 29°27 
7. (1 15°70 27°95 16°89 80°07 
6 15°85 28°11 17°05 80°24 
«854 5°97 
8. (1 23-95 22-92 25 63 24°52 
28°73 22°28 25°39 23°84 
Hence the values expressed as c.c. per gm. per minute are: 
Stage I Stage II Stage III Stage IV 
Time es 12.35* 1.02 121 1.47 
O, GR 00105 0-0232 0-0166 0-0368 
0-0279 0-0011 0-0326 0-0254 
B. FI. 0°390 0-790 0-922 0-425 
: Rate of absorption — 0˙6 05 0˙4 
j — 12’ 81’ 57’ 
* Injection at 12.50. | 
Or expressed in percentages of the values of Stage I as 100: 
0. 100 220°5 158-1 345°7 
co, 100 3-9 116-9 910 


100 202-5 236-3 109-0 
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N concentration of solution injected 1400 %,. 
9 1 „ fluid recovered at 1.09 1°40 % 
” ” ” ” ” 1.27 1°89 9% 
” ” ” ” ” end 1°51 "lo 


Total N in solution injected 1°400 gm. 
„ recovered 0-972 gm. 
N absorbed 0428 gm. 
= 060-0075 gm. per min. 


Exp. 5. Dog, weight 10-5 kilos. Operation as usual, artificial respiration. In this 
experiment the peptone was injected in successive small doses. 


12.00, tion completed. 


12.35, B. FI. e. 0. 
12.86. Blood samples taken (1 and 


12.44. 10 c. 0. warm solution 00 „5 


12.51. 10 0.0. 
1.00. 10 0.0. 


1.01. B. Fl. 58-1 C. c. per min. =0-790 6. o. per gm. per min. 
1.02. 


1-06. 10 C.. warm peptone solution injected. 
1.10. 10 0.0. 
1.15. 10 c. 


1.25. B.FL 88-1 00. per min. =0-790 0.8. per gm. per min. 
1.26. Blood samples taken (5 and 6). 

151. B. FI. — 
1.52. Blood samples taken (7 and 8). 

1.54. Intestine removed. eight, 


The contents of the intestine measured 28 c.. The intestine was washed out with 
100 0.0. of saline solution and both fluids mixed. Sodium chloride and acetic acid were 
added, the fluid was then boiled, filtered and analysed for N. 

The analysis of the blood samples gave the following results : 


On correction for 
dilution Differences 
0. co, 0, co, 
206 
48 28 
25°45 50°4 
25°35 50°6 
22°6 49°3 
22°6 49°2 
19 
24°56 50°65 
24°0 49°9 
28 9 49˙4 
13 2˙1 
25°9 47°5 
24°6 — 
21°4 48°5 
22°4 49°8 
37 45 


* 


3 Analyses of dilute | 
samples 
7 Sample 0. co, 
1. 
F 2 19°1 49°4 
2 23-7 46˙8 | 
28% 47-0 
8. (i) \ 20% 45°1 
20°7 45-0 
4 fi — 
2 22˙8 47˙0 
8. (1) 220 45°6 
2) 219 451 
6. 24˙2 44˙8 
2) 23-0 
7. 19˙8 45-1 
(2) 20°8 46˙8 
2) 24-0 41°9 25°6 44°6 
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Note that at Stage II there is a carbonic acid deficit in the venous blood. 
Hence the values expressed as c.c. per gm. per minute are: 


Stage I Stage II Stage III Stage IV 
Time a 12.23" 1.08 1.26 1.58 
0, 0-0122 0-0150 0-01038 0-0227 
* 0-0065 0°0095 00166 0-0275 
B. FI. 0-288 0-790 0-790 0-612 
Time after injection — 18’ 42’ 68’ 


’ * Injection at 12.44. 


Or expressed in percentages of the values of Stage I as 100; 


100 122-9 84-4 186-1 
100 ~146°2 255-4 423°1 
100 839-0 262-6 


The CO,/O, ratio for I, III and IV=1:12. 


Total N in solution injected 1°05 gm. (1°51 %. 
„ „ „ recovered 0°77 gm. (2°75 %). 
absorbed dua „ 0°38 gm. in 68 mins. 

= 0°0041 gm. per min. 


Exe. 6. Irish terrier, weight 14 kilos. Operation as usual, artificial respiration. In 
this experiment the peptone solution was injected in successive small doses. 


11.15. Operation completed. 

11.46. B. Fl. 58-06 c.c. per min. = 0°608 c.c. per gm. per min. 
11.51, Blood samples taken (1 and 2). 

12.00. 10 0.0. warm peptone solution (10 % ) injected. 

12.08. 10 0.0. ” ” ” ” 


12.18. B. Fl. 600 c.c. per min. = 0°628 b. 0. per gm. per min. 
12.19. Blood samples taken (3 and 4). 
12.28. 10 0.0. warm peptone solution injected. 
12.29. 10 c.c. ” * ” ” 
12.88. 10 ¢.c. ” ” ” ” 
12.86. B. Fl. 47°4 c.c. per min.=0°496 c. o. per gm. per min. 
12.88. Blood samples taken (5 and 6). 
12.41. 10 0.0. warm peptone solution injected. 
12.46. cc. „ 5 * 
1.00. B. FI. 60-0 c.c. per min. 0-628 c.c. per gm. per min. 
. 1.01. Blood samples taken (7 and 8). 
1.07. Rate of absorption taken, about 0°3 c.c. per min. 
1.09. Intestine removed. Weight, 95°5 grams. 


40 C. e. of fluid was recovered from the intestine, which was then washed out with 
saline, The washings and fluid were united and treated as in the other experiments. 
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The analysis of the blood samples gave the following results: 


Analyses of dilute 
Sample 0, CO, . 
1. — 88-06 
87°78 

2. tS 20°72 84°82 
20°85 85°50 

8, 95 19°16 85°81 
18°58 85°89 

4. 23°96 81°29 
24°66 32°28 

5. 95 18°45 85°82 
18°19 35 90 

6. 0 22˙96 31-71 
23°88 82°21 

7. 20°88 88-02 
20°32 39 85 

8. 24°97 84°58 
24°99 34°24 


On correction for 
dilution 

0, 00, 
— 40°87 
18°18 40°64 
22°28 87°48 
22 41 38 08 
20°97 89°19 
20°34 3928 
25°54 38°35 
26°29 84°35 
19°98 88°80 
19°69 88°87 
24°80 84°25 
25°25 84°79 
21-98 41°10 
21°97 48-08 
26°86 87°20 
26°88 86°83 


Hence the values expressed as o. 0. per gm. per minute are: 


Expressed in percentages of the values of Stage I as 100: 


Stage I 
11.81“ 
0 0253 
00182 
0608 


12.19 
0-0331 
0-0838 
0-628 

19’ 


* First injection at 12.00. 


0, 100 

co, 100 

B. Fl. 100 
The 00% , ratio=0-91. 


130°8 
185˙7 
103 


Total N in solution injected 1482 gm. 


” 


N absorbed 


Har. 7. Black Span, male, weight 1 Operation as Aria 


11.58. Operation 


„ recovered 1-015 gm. 
0 417 gm. 


= = 0-0068 gm. per min 


Stage III 
12.38 
0°0258 
00210 
0-496 

88’ 


115˙3 


12.24. B. Fl. 109 c. e. per min. 
12.28. Blood samples taken (1 and 2). 


5°26 


5°18 


4°89 


4°32 


5-07 


1214 
175-0 
108-3 


** 


1 


| é 
0, co, 
4°17 8-00 
a 5°39 
q 
; Stage II Stage IV 
Time 1.01 
0-0807 
0-0818 
B. Fl. 0•628 
4 102-0 
q | 
4 816 
” = 
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12.83. 100 c.c. of Witte’s peptone (10 %) injected. 
12.58. B. Fl. 150 ¢.c. per min, = 1-304 C. c. per gm. per min. 
12.54. Blood samples taken (3 and 4). 
1.01. Rate of absorption 0°4 c.c. per min. 
1.18. B. FI. 150 per min. = 1-304 o. per gm. per min. 
1.14, Blood samples taken (5 and 6). 
1.21. Rate of absorption 0-522 0.0. per min. 
1.25. ” „ „ 
1.28. 0500, „ 
1.88. B. Fl 12400 per min. 1-077 c.c. per gm. per min. 
1.34. Blood samples taken (7 and 8). 
1.87, Intestine removed. Weight, 115 gms. 


30 C. e. of fluid recovered from the intestine. The intestine was washed out with 100 0. c. 
and the whole boiled, filtered and analysed for N. 

The analysis of the blood samples gave the following results : 


Analyses of dilute On correction for 
Sample 0, co. 0, 00, 
1. 19°39 37°26 20°69 39°78 
19°17 86°61 20°46 39 07 8 sae 
8. (1 18°50 84°97 19°89 37°59 
18°70 85°15 20°10 37°79 
5. 19°29 85°96 21°06 89°26 
6. 2107 83°20 22°49 35°44 
6 20°50 83°44 21°89 35°70 
7. 18°11 38°20 19°69 41°58 
17°87 87°75 19°43 41°04 
8. 0 — 84°59 — 87°53 
21°10 84°71 22°89 37°66 
4 Hence the exchanges expressed as c. c. per gm, per minute are: 
Stage I Stage II 4 Stage III Stage IV 
Time 1 19.98“ 12.54 1.14 1.34 
0, 0°0227 0-0466 0»0147 0-0360 
= 00156 -0-0528 0-0553 0-0398 
0-949 1˙304 1-304 1077 
Rate of absorption — 0˙4 0-5 —— 
Time ‘ie 21’ 41’ 61’ 


* 
a 
* Injecti t 12 : 
‘ Injection at 12.33. 
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Or expressed in percentages of the values of Stage I as 100: 


Stage I Stage II Stage III Stage IV 

0, 100 205-8 64˙8 158-6 

co, — 100 388 ·˙5 354˙5 265-2 

B. I. * 100 187°4 187˙4 118°5 
The 00%, ratio= 1°36. 


Total N in fluid injected 1-470 gm. (1-47 % . 
2 „ recovered 0819 gm. (2°73 %% . 

Nabsorbed... ... 0-651 gm. 
= 00107 gm. per min. 


Exr. 8. Fox Terrier. Operation as usual but the mesenteric nerves were cut where 
they lay upon the artery immediately after its origin from the aorta. Artificial respiration. 


11.88. Operation concluded. 

12.08. B. FI. 51°48 ¢.c. per min.=0°517 o. e. per gm. per min. 
12.10. Blood samples taken (1 and 2). 

12.16. 99 c.c. of 10 % Witte’s peptone in saline injected. 
12.25. Rate of absorption 0°42 o. e. per min. 


12.27. ” ” 0-81 ” * 
12.30. ” 0-49 ” ” 
12.34. ” 0-71 * ” 


12.88. B. Fl. 90 c.c, per min. =0°904 c.c. per gm. per min. 

12.40. Blood samples taken (3 and 4). 

12.47. Rate of absorption 0-35 b. c. per min. 

12.51. 57 ” 0°55 ” ” 

12.65. „ ” „ „ 

12.58. B. Fl. 64°29 o.c. per min. =0°646 . c. per gm. per min. 

12.59. Blood samples taken (5 and 6). 

1.04. Rate of absorption 1-11 0. e. per min. 

1.12. Absorption extremely slow, not more apparently than 0-2 c. o. per min. From 
1.12 to 1.16 there was no appreciable absorption. 

1.18. B. FI. 58°04 c.c, per min. = 0-538 o.c. per gm. per min. 

1.20. Blood samples taken (7 and 8). 

1.27, Intestine removed. Weight 99-5 gms. There was fairly active peristalsis 
throughout the whole of this experiment especially in the early part. 


The contents of the intestine measured 80 c.. The intestine was washed out with 
100 c.c. of saline solution and both fluids mixed. NaCl and acetic acid were then added 
and the mixed fluids boiled and filtered. The original fluid and that recovered from the 
intestine were then analysed for N by Kjeldahl's method. 

A piece of the superior mesenteric artery including that spot where the nerves had 
been divided was removed, hardened and sections were cut. The result was as follows. 
Most of the adventitia had been dissected off the artery for Iths of its circumferemce. No 
nerve bundles could be detected in this part of the section. The remaining jth had the 
external coat and in it two small bundles of nerve fibres were found. By far the greater 
number of mesenteric nerves, therefore, had been cut. 
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The analysis of the blood samples gave the following results : 
Analyses of dilute On correction for ; 
Sample CO, 0, CO, 0, 00, 
1. 65 17°56 41°02 18°78 43°86 
17°55 41°45 18°77 44°32 
8-04 4°61 
2. 90 24°84 86°67 26°67 89°38 
25°12 86°78 26 97 89°58 
8. 0 16-90 44°80 18-11 43-36 
16°84 44°64 1804 43°54 
791 194 
4. (1 24°10 88°48 26°08 41°51 
( 24-02 — 3 25-94 — 
8. 09 18°77 40°07 20°85 48°49 
20°60 41°35 22°35 44°87 
4-05 5°92 
6. 24°14 85-90 25°74 88°26 
7. 0 1798 41°70 19°47 45°16 
18°18 41°25 19°63 45°65 
6°39 5°52 
8. 24°38 87°46 25°95 89-90 
24°35 87°34 25-98 89°88 
Hence the exchanges expressed in c. o. per gm. per minute are: 
Stage I Stage II Stage III Stage IV 
Time 19.10% 12.40 12.59 1.20 
0, 00414 0-0712 00260 0-0339 
* 0˙0287 0-0175 0-0881 0-0298 
ve 0°517 0-904 0-646 0-533 
Time after injection — 26’ 43’ 64’ 
* Injection at 12.16. 
Or expressed in percentages of the values of Stage I : 
0, 100 172°0 62-0 81-9 
100 73°8 160-9 128-8 
100 174°9 124-9 108-0 
The CO,/O, ratio is 0-630. 


Total N in solution injected 1-399 gm. (1-414 %. 
„ „ „ 0-715 gm. (2-388 % . 

N absorbed 445 = 0-684 gm. in 64 mins. 
= 00107 gm. per min. 


The very high oxygen intake during the resting period is a very 
noticeable feature of this experiment, and still more remarkable is the 
exceptional increase in that intake which follows the injection of the 
solution. One possible explanation of this is the marked peristalsis 
which was present owing to the section of the nerves to the loop experi- 
mented upon. The nerves were divided in order to test whether an 
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active peristalsis and high blood flow would favour the absorption of 
fluid and of peptone. A comparison with Expt. 7 seems to show that 
this is not the case. In both absorption was very good and at practically 
identical rates, it is also notable that division of the nerves did not 
result in an increased blood flow, indeed it is a little below the average 
for these seven expts. Although the nerves were divided the injection 
was followed by a very marked increase in rate of blood flow to 174°9 / 
as compared with a mean increase to 147-4 %% for all the experiments. 
Hence it does seem possible that the active peristalsis may be the 
cause of the high oxygen intake in Stages I and II of this experiment. 


DISCUSSION OF THE RESULTS. 
Stage I. The intestine at rest. 


The oaygen intake. The mean of seven observations of our experi- 
ments is 0°0199 c.c. per gm. per min. (max. 0°0414, min. O 0084 C. e.). This 
is a little higher than the figure obtained in the observations by Brodie 
and Vogt (00179 c.) and is slightly higher than the oxygen absorption 
in the dog for the whole body (0°017 c.). 

The carbonic acid output. The mean of the six observations is 
00175 c.. per gm. per min. (max. 0°0280, min. 0:0065.c.). This is lower 
than the volume obtained by Brodie and Vogt (0°0199, mean of 11 
observations). 

If we take the eleven observations made by them and the seven by 
ourselves the values are :—oxygen intake = 0°0187; carbonic acid out- 
put = 0°0191 c.c. 

The CO,/O, ratio in our experiments is 0°87, that in Brodie and 
Vogt's experiments 1-11 and taking the whole eighteen observations 
102. 

The rate of blood flow. The average blood flow in our seven 
experiments amounts to 0°477 c.. per gm. per min. (max. 0°949, min. 
0'213c.c.). In the preceding paper for the same stage it is OG 345 cc. The 
mean for all eighteen experiments amounts to 0°396 c.c. per gm. per min. 


Stage II. Averaging 18 mins. after the injection of 
the peptone solution. 
The owygen intake. The mean of the seven observations is 00318 de. 
per gm. per min. (max. 00712, min. 00124.c.c.). This is 159°8 */, of the 


value at the resting stage. In Brodie and Vogt's results the figure 
for this stage is 00234 C0. per gm. per min. 
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The carbonic acid output. The mean of our observations is 00268 c.c. 
per gm. per min. (max. 0°0528, min. 0°0011 cee.) For this figure we have 
only five observations. In one experiment the analysis of the carbonic 
acid was unsatisfactory and in one other there was, at this stage, a 
deficit in the carbonic acid probably due to secretion. 

This volume is 1531 / of the corresponding value of Stage I. The 
amount given by Brodie and Vogt is 00187 cc. The 0O,/O, ratio in 
our five observations is 0°72, in those by Brodie and Vogt 0°80. 

The rate of blood flow. The average value in our seven experiments 
is O792c.c. per gm. per min. (max. 1304, min. 0435cc.). In the 
preceding paper it is 0481 cc. The average value at this stage is thus 
166°1 °/, of the corresponding average of Stage I. 


Stage III. This averages 40 minutes after the injection 
of the solution. 


The oawygen intake, The average of the seven observations gives a 
value 0°0188 Ce. per gm. per min. (max. O 0290, min. 00095 c. c.). This 
is 94°5°/, of the value at Stage I. We cannot compare these with the 
figures given by Brodie and Vogt for Stage III of their experiments 
because the degree of activity varied considerably in the two sets of 
observations. | | 

The carbonic acid output. For the determination of the mean value 
we have six observations which give 0°0278 c.c. per gm. per min. (max. 
0°0553, min. 00 cc.) This is 156°1°/, of the value at Stage I. The 
CO,/O, ratio for these six observations is 1°59. It is seen then that the 
carbonic acid output from the intestine is usually very high at this 
stage, in marked contrast to the results obtained by Brodie and Vogt 
at a somewhat similar period during the absorption of a simple saline 
solution. This is probably to be explained as due to an increased 
carbonic acid absorption from the fluid in the intestine which had been 
gaining in CO, content in the early stage of the experiment by secretion 
into the peptone solution. 

The rate of blood flow. The mean of our seven observations is 0°751 c.c. 
per gm. per min. (max. 1304 d., min. 0310 cc.). This mean value is 
157°4°*/, of that found for Stage I. e 
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Stage IV. Samples taken on an average 62 mins. after 
injection of the solution. 

The owygen intake. The mean result in the seven observations is 
00282 cc. per gm. per min. (max. 00363, min. 00135 c.) This is 
1417 / of the mean value of the oxygen intake during the resting 
period. There is thus a considerable amount of activity still present 
and in fact in every instance there was still a considerable volume 
of solution remaining within the intestine at this time. It is also 
to be noted that the oxygen intake exceeds considerably that found 
at Stage III, indeed it nearly reaches that found during the first period 
of activity. 

The carbonic acid output. The six observations of this value give a 
mean result of 0:0269 c. o. per gm. per min. (max. 0°0398, min. 0°0075 c.c.). 
This is 153°8 % of the value at Stage I. The CO,/O, ratio for the six 
experiments amounts to 0°93. Hence the CO, output though attaining 
nearly the same actual value as that found in Stage ITI has not followed 
the marked increase in oxygen intake, though we must suppose that 
here too carbonic acid was also being absorbed from the intestinal 
contents. 

The rate of blood flow. The mean of our seven observations at this 
stage is 0°610 Ce. per gm. per min. (max. 1077, min. 0381 ¢.c.). This 
is only 1278 ¼ of the mean value observed in Stage I. 


We present tlie mean results thus obtained in tabular form in Tables 
I and II, in the second the results being given as percentages of the 


corresponding values at the resting stage. | 
TABLE I. 
Stage I Btage II Stage III Stage IV 
0, 0°0199 00818 00188 0°0282 0.0. per 
gm. per min. 
00, 0˙0175 00268 00278 00269 
B. Fl. 0°477 0°792 0-751 0-610 
00%, 0°87 0°72 1°59 0°98 ” ” 
TABLE II 
0, 100 159°8 94°5 141-7 
00, 100 158°1 158°8 
B. Fl. 100 166˙1 157°4 127°8 
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The most notable effect which these Tables bring out is the drop in 
the oxygen intake in Stage III. It is not universally present in each 
individval experiment. Thus if we take the percentage figures for the 
seven experiments they are 113°0, 155˙9, 158°1, 844, 102, 64°8 and 62-0. 
The fall is especially marked in the last two experiments and they are 
the two which we consider our best. In the last experiment the fall may 
possibly be only relative because the oxygen intake at the resting stage 
was unusually high, but this will not explain the result in the preceding 
one where the intake during rest was only slightly above the mean 
value. It will also be seen by reference to the separate protocols, that 
accompanying the fall in oxygen intake there is a rise in the carbonic 
acid output, thus again indicating the relative independence of the two 
processes. 


The absorption process. 

As already described the absorption of the peptone was followed by 
taking the volumes and nitrogen contents of the fluid injected and of 
that recovered. We then assume that the carbon portions of the 
peptone molecule are absorbed at a corresponding rate. We give the 


results for the seven experiments as far as the nitrogen is concerned in 
Table III. 


TABLE III. 
N in Nin 1 1 tom amount 
Injected absorbed of exp. 
1 1590 gm. 1014 gm. 0°576 gm. 60 mins. 9°6 mgms. 8°75 gms. 
3 1°550 1-080 0520 60 8°7 8°38 
4. 1-400 0972 0-428 57 75 2°78 
5. 1-050 0-770 0-280 68 4-1 1°82 
6. 1492 1015 0°417 61 6˙8 271 
7 1470 0°819 0°651 61 10°7 424 
8. 1399 0-715 0-684 64 10°7 4°45 


From this Table it is seen that the rate of nitrogen absorption was 
fairly uniform throughout, viz. from 7 to 10 mgms. per minute. The two 
exceptions are Experiments 5 and 6 and in these the procedure differed 
from that of the remainder. Whereas in the other five experiments the 
solution was injected in a single volume of 100 c.c., in these two only 10 c.c. 
was injected at a time, usually with 5 minutes’ interval between. In 
Experiment 5 only 70 c.c. was thus injected; in Experiment 6, 80c.c. In 
these experiments, therefore, the intestine was much less filled with 
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solution, especially during the two earlier stages. This materially modified 
the rate of absorption. It is also to be noted that in Experiment 4 the 
amount absorbed is below that of the other experiments. This receives 
a similar explanation for in that experiment 25 di. of fluid was removed 
from the intestine 19 minutes after the injection and « further quantity 
of 10 cc, 37 minutes after the injection. 

There was also a change in the concentration of the peptone solution 
as is shown in Table IV. 


TABLE IV. 


N concentration. 


olution Ratio 

1. 1:59 2-54 1: 1-60 
8. 1:55 2-80 1: 148 
4. 1-40 1-50 1: 107 
6. 1-51 2-75 1: 182 
6. 1-79 2-54 1: 142 
1. 1-47 2-78 1: 1-86 
8. 142 2-88 1: 169 


Thus with the exception of Exp. 4 there is a marked concentration 
of the solution during the course of the experiment. Exp. 4 is quite 
exceptional. It was the one experiment in which samples were removed 
from the intestine during the course of the absorption. That removed 
19 mins. after injection possessed a N concentration of 1°40 and that 
37 mins. after the injection one of 1:39. Thus throughout the whole 
experiment no concentration occurred. In this respect it differs from all 
the others, The injection of 100 c. o. of fluid into the intestine leads to 
a considerable distension but in no instance was the intestine over-filled. 
Still it might be conjectured that the injection of so large a volume of 
fluid might by pressure alone favour the absorption of water. We do 
not think, however, that this is the case, for in Experiments 5 and 6 in 
which the intestine was much less filled than in the others an exactly 
similar concentration occurred. That the absorption process for water is 
an active one and does not depend upon purely physical factors is also 
brought out in the preceding paper by Brodie and Vogt, where it is 
seen that the increase in oxygen intake is similar to that occurring with 
sodium chloride solutions or in our own experiments, indicating 
that activity of the epithelial cells and active absorption go hand in 
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In conclusion we wish to thank Dr Vogt for conducting several of 
the gas analyses in our earlier experiments and Dr Rosenheim for 
making the nitrogen estimations. 


CONCLUSIONS. 


1, In these experiments the mean O, intake of the intestine at rest 
was 00199 c.c. per gm. per min. 

2. The mean carbonic acid output was 0°0175 c.c. per gm. per min. 
The CO,/O, ratio was 0°87. 

3. The mean blood flow was 0°477 ce. per gm. per min. 

4. .The injection of the peptone solution was followed by a marked 
rise in these three values, viz. to 160, 153 and 166% of the values 
during rest, 

5. The rate of N absorption varied from 7 to 10 mgms. per min. 

6. The rate of absorption of fluid averaged about 1 0. c. per min. 

7. A distinct concentration in the N occurred in all experiments 
with one exception, in which the N concentration remained unaltered. 


The expenses of this research have been largely defrayed by Grants from the Govern- 
ment Grant Committee of the Royal Society, and from the British Medical Association. 
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A NEW MATHEMATICAL TREATMENT OF CHANGES 
OF IONIC CONCENTRATION IN MUSCLE AND 


NERVE UNDER THE ACTION OF ELECTRIC 


CURRENTS, WITH A THEORY AS TO THEIR 
MODE OF EXCITATION. By A. V. HILL. BA, 


Scholar of Trinity College, Cambridge: George Henry Lewes 


A sHoRT time ago Nernst’ put forward a physical theory of the electric 
excitation of living tissues, and subjected it to a mathematical treat- 
ment. An electric current passing through a tissue containing 
membranes impermeable to the dissolved ions will set up differences 
of concentration at and near the membranes. He supposes that these 
differences of concentration, when sufficiently large, cause an excitation: 
by solving the diffusion equation 9 = 2. he arrives at a formula, 
it const., connecting i the least current required to excite with its 
duration t: and a formula, / /n = const., connecting i the least 
amplitude of an alternating current with its frequency n. The theory, 
however, as Nernst himself recognises, fits the facts only to a limited 
degree. For 

(i) it is constant only for very short durations of current, i tending 
to a constant finite value for higher values of f: 

(ii) #//n is not absolutely constant, but decreases for increasing 
values of n: 

(ili) he gives no method of treating the phenomenon long known to 
physiologists that slowly increasing currents are much less effective 
than rapidly increasing currents, even though the former be made to 
reach considerably higher values. In general terms he refers to this 


fact as an accommodation of the protoplasm to the changes of concen- 
tration set up. 


* Nernst. Gott. Nachr. Math. Phys. Kl. p. 104. 1899; and Arch. f. d. Physiol. 
p. 275. 1908. 
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exist two membranes AB and CD distant a from one another: that the 
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Lapicque’, following Nernst, has given some valuable conceptions 
of the nature of electric excitation. He evolves a theory which, he 
gives reason to suppose, will explain the existing gaps in Nernst’s 
theory. Unfortunately he was unable to integrate the partial differential 
equation above for the required boundary conditions, and thus could not 
compare experimental results with deductions from his theory. By an 
ingenious idea he used a hydrodynamical model to show qualitatively 
the sort of results his hypothesis would give: these agreed well with 
experimental observations; Mr Keith Lucas, feeling that the lack of 
a rigid mathematical treatment was a serious drawback to a purely 
physical hypothesis, suggested to me that I should attempt a new 
mathematical consideration of the theory, both to test the validity of 
Lapicque’s views, and to replace the incomplete hypothesis of Nernst. 
With a slight change in the mathematical method this attempt has 
been successful, and the formulae given below for the concentrations 
produced by various forms of current will, I believe, be of service in 
the theory, whether the additional hypothesis which I have found it 
necessary to introduce (in order to explain certain facts of which 
Nernst’s treatment gave no account) is found on later consideration to 
be sufficient or not. Nernst, in his theory, postulates two membranes 
impermeable to the dissolved ions. When a current is sent in it is not 
carried through the space between these membranes, but in the tissues 
outside it. A certain difference of potential will however exist between 
the membranes, and hence the positive ions will tend to go in the 
direction of the current, the negative ions in the opposite direction. 
Hence changes of ionic concentration will occur at the membrane. 
Nernst in his treatment of the problem deals with only one of the 
ions, which he supposes to be the one which is effective as regards 
excitation, and for simplicity he assumes that the distance between the 
membranes is so great that for all practical purposes it may be regarded 
as infinite. This is, a priori, unlikely to be a justifiable assumption, as we 
know that living matter is possessed of a very complicated microscopic 
structure. The change I have adopted in tracing the consequences of 
the theory is in making no assumption as to the distance between these 
membranes. I have supposed (Fig. 1) that in the stimulated tissue there 


ions between AB and OD cannot pass through the membranes: and that 
initially, before the passage of a current, y the concentration of the ion 


1 Lapicque. C. R. Soc. de Biol. txt. p. 87. 1907. Journal de Physiol. et de Path. 
gen. x. p. 565, 1907, ibid. p. 620, x. p. 601. 1908, XI. p. 1009. 1909. N 
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which is effective as regards excitation is the same everywhere and has 
the value y=c. Then if a current i be sent through the tissue a difference 
of potential will be set up between AB and CD, and there will arise 
an increase in the concentration y of the positive ion near AB, and 
a decrease near CD. Finally, as the current continues to pass, a steady 


A< +c 
Poy 
= 
* 
+ 1 
B 2 x D 
Fig. 1. 


state will be set up between AB and OD in which the forward 
transference of the ions by the current will be compensated by their 
backward diffusion. At YX, a plane half-way between the two 
membranes, the concentration y must (from considerations of symmetry) 
be unchanged : i.. if y be the concentration of the ion considered at a 
point distant from AB, then at = 4a, = c. 

The general effect of having the two membranes closer together is as follows. 
concentration of the ion is unchanged at a point half-way between the membranes: thus 
for a given change of concentration at the membrane the gradient of concentration along 
the line BD is greater the smaller the distance between the membranes. But the “ back 
diffusion,” the tendency of the high concentration to be destroyed by diffusion backwards, 
is governed by the gradient of concentration, and is therefore greater when the distance 
between the membranes is less. Thus with closer membranes a greater current is required 
for a given time to produce the same effect. This is exactly what is required to make 
Nernst’s theory more nearly accord with the facts. 

According to Nernst’s theory an excitation occurs when the 
concentration y at AB reaches a certain value above normal. If the 
theory be worked out on these lines by the method given below the 
theoretical deductions accord exactly with experience both for constant 
and for alternating currents. Unfortunately it still gives no sort of 
explanation of the phenomena observed with currents increasing 
progressively with the time. 7 

Lapicque* in his latest hypothesis introduces a function which 


1 Lapicque. Journal de Physiol. xx. p. 1009, spec. p. 1011. 1909. 
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I propose to call &, defined as follows: the concentration at a distance 
b from the membrane being called , and that at the membrane ,, 

[b is assumed to be constant for any one tissue.] 

Then, according to Lapicque, & decreases, as the current goes on 
passing, from its initial value 1, and when it has reached a certain 
value m less than 1 an excitation occurs: expressed in words, when 
the concentration at P has fallen to a certain fraction of that at AB 
some mechanism is released which constitutes an excitation. 

This hypothesis advanced by Lapicque can also be made to fit the 
facts observed for constant and alternating currents: but it can be 
shown by rigid mathematical analysis that if it does so for’ constant 
currents then any progressive current however slowly increasing will 
finally stimulate the tissue if kept up long enough. This is contrary 
to observation, and therefore Lapicque’s as well as Nernst’s 
hypothesis must be either modified or abandoned. I have consequently 
introduced another hypothesis, which is really that of Nernst slightly 
elaborated. For currents of short duration it reduces to that of 
Nernst: for currents of longer duration (“progressive currents,” 
currents increasing “ logarithmically”) the effect of the time being 
large is that other terms come in which modify the results obtained 
from Nernst’s theory. This theory agrees with all the results so far 
obtained, and has the advantage of giving some further insight into the 
physical nature of the excitation, and of the resulting propagated 
disturbance. In particular it may be of considerable importance in 
theories of the transmission of a nervous impulse across a synapse in 
the central nervous system: and in giving a physical basis for the 
physiological facts generally known by such terms as Weber's or 
Miiller’s Law. 

There is another advantage in the mathematical method now 
introduced, viz. that certain constants can be determined for any tissue 
of which each has a definite physical meaning. The comparison of 
these constants for different tissues, and for the same tissue under 
different conditions, may lead to results of considerable interest both to 
the zoologist and the physiologist. The simplest of these constants is 
a the size of the structure of the tissue in question, which can be 
determined very easily from a few observations with constant currents. 
This particular method of analysing a tissue into its fundamental — 
is oe applied by Keith Lucas in another paper. | 
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MATHEMATICAL CONSIDERATION. 


The equation’ connecting the concentration y and the time ¢ with 
a the distance from AB of the point considered is the well known 


where b is the diffusion constant. | 

At AB the force tending to concentrate the ions in the immediate 
neighbourhood of AB is proportional to t, vi say, where v is a constant 
which varies inversely as the valency of the effective ion, but does not 
involve k. This force has to overcome the tendency of the inequalities 
of concentration to dissipate themselves by diffusion backwards: this 


tendency at AB is measured by -E. Similarly we may treat of the 
conditions at OD. Hence we have the boundary conditions 


=v, at O and (B). 


Initially at 0 
y=c a constant (C). 


We have to solve equation (A), with boundary conditions (B), and 
initial condition (C). 


Constant Currents. 


The first case to be treated is that of a constant current. This is 
the simplest mathematically, and of the most importance because the 
majority of the experiments have been done with constant currents. 

The conditions we have to satisfy are as follows. | 

At = O and c=a, 27 where i is the constant current: and 
at c. 


* Nernst, Arch. f. d. ges. Physiol, oxxm. p. 284. 1908. Hoorweg (Pfliiger’s 
Archiv, oxxx. p. 412. 1907) introduces another differential equation for the diffusion. As 
he does not take into account the distance between the membranes, and as (in order to use 
this equation) he makes the assumption (for which he gives no sufficient grounds) that 
although 4 C is infinite nevertheless AB is small, his theory has not been considered here. 
Moreover he has introduced various supplementary hypotheses of a physiological nature, 


which would be out of place in a modification of Nernst’s theory which is professedly 
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Now 1 


y=c-F(2-§ 9774 oo — 


satisfies the differential equation, and 2—7 at O and «=a. 


For ein =0 at «= 0 and = a. Further o at 3. We have 


thus only to make it satisfy the initial condition at ¢= 0, 
To make it do this, multiply by cos ee de and integrate from 
0 to a. This gives 


C- 


vila „ rrr. a rat 
71 20 + 
5-1-0, 
*. ifr is even A,=0, 
vi a 


ifrisodd 4. 
Hence the solution of the equation is 


Now the series inside the = is very convergent: for 


(i) as u increases e decreases rapidly, the terms being in 
order the Ist, 9th, 25th, 49th,...... powers of a number less than one. 


(ii) as m increases G iy decreases rapidly. 


It will be shown later that experimental results agree very well with a 
formula which neglects everything but the first term of the series inside the T. 


The constants of such calculations give directly e 1 a close degree 
of accuracy. From this can be deduced the order of magnitude of the 


second term of the series, ; E cos = . The actual calculation 
shows that for quantities of the size involved in these experiments the 
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second and all subsequent terms are absolutely negligible. Hence we 
may write, 
4via * w 


I shall return to this later in a discussion of the experimental results. 


Alternating Currents. 


Let us suppose that an alternating current of frequency n/2 is sent 
into the tissue : 
sin (nt e). 
The mathematical treatment of this case is somewhat difficult, so it 
seemed better only to give the solution. Its correctness can be tested 


by substitution in the differential equation, and in the boundary 
conditions, 


The solution is 


and the A’s are to be so chosen that at t=0 y=c. The A’s may be 
found by multiplying by cos r de and integrating from 0 to a. In 
this case it can be shown that they all involve a factor =, which means 


that for moderately high frequencies they are small. Furthermore in a 
very short time all the terms of the Fourier series become zero: hence 
we may consider only the particular Sie and write, 
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Progressive Currents. 
Let us assume that i increases proportionally to the time, ie. we 
have as one condition, that at & = 0 and «=a, 


where is a constant. 
The other condition is, as before, at f= O =. 
For the particular integral y = — 2 ( ) + $(@), where 
9. 


which. vanishes at # - f, as it must do from symmetry. 


and for this to equal — M at «= 0 and «=a we must have a =3a*/4. 
Hence the solution of the equation is, 


7 this must equal c, and therefore as before we have, 
*. 4, if r is even, 
4.— it r is odd. 


Further 4 

a 4 

0 

2 6k 2771 2 
1 2n—1) wa 

1 (2n — 1) a 
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This series is even more convergent than the previous one (for 
constant currents), so we may safely write, 


a * X 4a? 1 
In the experiments on progressive currents usually at the end of a 
certain time the progressive current is made constant at the value it 
has then reached. Let us suppose that this occurs at time t, so that 
we have now as our boundary conditions for the integral of the 
diffusion equation after the time t., (i) at = 0 and æ = a, 1 


da 
and (ii) at¢=%,, 


ACN -C- 


1116 a 


A solution of the differential equation is, 


a 
y=c+Aby 1 * 24, e cos ——, 
i a 
and this satisfies the condition 


At t= t, 


This relation (iii) must be the same as the relation (ii) above. But 


from (G) above, at t= O, 


Substitute the value of 99 — 60 obtained, in 
(ii) above, and we find 


From (iii) and (v), equating coefficients of . — we find, 
4.0 if r is even, 


1 
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So that subsequent to the time when the progressive current has 
been made constant, 7 


(5 ) 
n- 1? * (2 — 
x44 1 2n — I) 


As before this may be written, because of the rapid convergency for 

any but very short times, 

The solution up to time ¢=%, is given by (H): after time f= t, 

by (D). 
Condenser Discharge. 

If V be the potential to which a condenser of capacity C is charged, 

and if R be the resistance through which the discharge takes place, 


t 
OR, 


Putting 775 = b the solution of this case is, 


PS 
4yV 2 1 1. 
— R cos NA). 
This series is, as before, very convergent: we may therefore write, 
For a current increasing logarithmically, 
The solution of this case is, 
in g -$) 
( 3) 8 cos 
en- 
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as can be seen by substituting in the differential equation and the 


required conditions. 
Because of the rapid convergency of the series we may write, 


6 — =) - 


CONSIDERATION OF THE EXPERIMENTAL RESULTS. 
Constant Current. 


According to Nernst's“ theory of electric excitation, if a current i 


acts for a time t then for excitation to occur i t must exceed a certain 
limit. This is only true for very short times. It fails absolutely to 
explain why i never falls below a certain minimum even though ¢ is 
increased indefinitely. Lapicque’s hypothesis, still involving the 
conception of one membrane infinitely distant from all others, gives 
results more in accordance with facts: but the calculation in his case is 
complicated. By the formula given above for the concentration at any 
point, at any time, one can give a simple mathematical formula where- 
by to test either of these theories. It will be seen that the conception 
introduced of two membranes fairly close together makes either theory 
exactly fit the facts for constant currents. 

According to Nernst an excitation occurs when (-o), the excess 
of the concentration above normal, exceeds a certain limit, at or near 


the membrane. Let us assume that it must exceed it at a point R 


b from the membrane. Then from (E) above we * 


This has to reach a value m (say) rea an excitation can occur : 
hence the liminal current strength is connected with the time by a 


relation, 
4vt wb ist 
1.6. 
which may be written, 
A 


* Nernst. Arch. f. d. ges. Physiol. oxxu. p. 801. 1908. 
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where X, u, 0, are constants given by 


4a cos 13 


A= = gue: 


According to Lapicque' an excitation occurs when == reaches 
a certain limit, m’ say. 
Here we have 


dvia ab 


via 4via 


This reduces, on multiplying up and separating out the terms in i, 


to 
X 
where N, 40. are constants given by 
4a (e =) 


v 1 


Later in the paper another hypothesis is introduced to account for 
the phenomena observed with progressive currents. This, with constant 
currents, reduces to the hypothesis advocated by Nernst, so that all 
three hypotheses lead, in the case of constant currents, to an equation 


* 

connecting the liminal current i with the time it is allowed to pass. 
X, u, and @ are constants defined above: it is noticeable that @ is less 
than 1, and therefore that 6 decreases as t increases. 

Further these constants X, h, 8, can be compared for different 
tissues, and for the same tissues under different conditions. This 
method provides a very delicate instrument for the analysis of the 
tissues. 

Below are tabulated results calculated from this formula side by 
side with the experimental results of several observers, and in some 
cases with numbers calculated by the methods of Nernst and 
Lapicque. Similar agreement has been obtained between calculation 
and experiment for a large number of cases which are not given here. 


1 Lapicque, Journal de Physiol. x1. p. 1009. 1909. 
14—2 
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The improvement resulting from the introduction of the two membranes 
into the mathematical treatment is obvious on comparing the results: 
and the most satisfactory agreement between calculation and experi- 
ment leaves little doubt of the validity of the physical view of nervous 
excitation originally suggested by N ernst. 

The times in the tables below are given in the units used in the original papers. In 


the formule given for the calculation, t is in all cases given in seconds: this enables 
comparisons to be carried out directly between the constants. 


I. Nernst. Arch. f. d. ges. Physiol. XII. p. 802. Table IX. 1908. 


is; 
1 — (988) 
t 6 8 10 12 16 20 80 40 @ 
i obs. 147 124 110 94 81 78 62 57 — 
é calc. 152 122 106 944 8083 715 61 S65 52-1 
icalc. by Nernst 186 119 106 97 84 75 61 53 0 
II. Nernst. Ibid. Table X. . 
* 69 · 5 
t 4 6 8 10 12 14 20 40 00 
1 obs. 185 142 1298 112 «108 97 886 77 — 
i oalo. 175 148 1206 111 1025 96 84 755 69˙5 
i enle. by Nernst 177 145 126 112 102 95 79 56 0 


III. Nernst. Ibid. p. 804. La pie que 's observations. 


t 0-33 0°60 15 2 2˙5 8 
i obs. 270 187 1686 126 116 1125 112 — 
i cale. 266 185 144 125 117 (1185 1118 110 
i cale, by Nernst 270 191 165 126 110 98 90 0 
i oale. by Lapicque 265 189 bs — 116 — 111 — 

IV. Keith Lucas. This Journal, XxxVt. p. 115 (a). 1907. 
— 
1 — (833) 

t 0052 007 010 “014 017 02¹ 024 
i obs. 41 36 81 28 27°5 26 25°5 — 
i allo. 41 85°6 31 28 286˙8 26 25°6 25 


v. Keith Lucas, This Journal, xxv. p. 820. 1907. 


15 “086 
1 — (-780) (758) 10008 


00048 «= 00 0070 


aie 
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t obs. "245 ‘179 152 119 091 086 
‘ i cale. 201 158 119 096 086 
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VI. Keith Lucas. This Journal, xxxvi. p. 182. 1907. 
86 


t 000175 -00085 000526 000876 0017 0036 0032 007 -01 -017 
i oba. 1˙29 92 “75 58 “48 41 87 -37 
1°12 “92 79 64 48 389 877 36 386 386 
VII. Lapicque. Journal de Physiol. rx. p. 629. 1907. 
i= 
1 — 908 (440075. 
t 1 2 8 4°5 6 75 9 
i obs. 175 115 91 76 66 62 58 
1761 115-4 914 75˙8 66°8 62°6 59-6 
175 1625 164˙2 1861 1612 1697 174 
VIII. Lapicque. Journal de Physiol. rx. p. 631. 1907. 
108 
1 — 860 (-878) 10008 
t 1 2 8 4°5 6 75 9 


Progressive Ourrents. 

The stumbling block of all physical theories of the nature of electric 
excitation has been that they give no explanation of the phenomena 
observed with currents increasing slowly to their full value. The 
fundamental fact observed is that currents increasing at less than a 
certain rate never cause an excitation however long they are continued : 
even though they finally reach a very considerable value. Nernst’s 
hypothesis that it is merely the concentration near the membrane 
which determines an excitation takes no account of this: for according 
to formula (H) above, 


— «)+other terms. 


Thus (y—c) increases indefinitely as the current goes on increasing, 
and thus according to Nernst an excitation should occur. Nernst’ 
indeed considers this difficulty and refers it in very general terms to 
an accommodation which takes place in the protoplasm to the slowly 
produced changes of concentration set up by progressive currents, The 
word accommodation was unfortunate as it gave the impression that he 


1 Nernst. Arch. f. d. ges. Physiol. oxXII. p. 280. 1908. 


t obs. 270 1866 164 128 us 112 111 

esle. 270 18 152 1984 17 108 

ivt No 261 266 2365 282 306 338 
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was referring back to some physiological factor the gaps in a theory 
which was purely physical. The rate of accommodation he says is 
proportional to (y—c): what he probably intended therefore is just 
such a hypothesis as I have given below, though he never made it 
definite nor introduced it quantitatively into his equations. By the 
accommodation he refers to he probably means a change of equilibrium 
of the reversible chemical or physical combination between the salts 
and the protoplasm, under the action of the increased concentration of 
the salt ions: this would go on, among other things, at a rate pro- 
portional to (y—c). The hypothesis I arrived at independently to 
explain the phenomena of progressive currents can be stated in a very 
general way almost in the same terms as Nernst uses. 

Lapicque’ in his latest theory shews, (by his hydrodynamical 
model) that his function ¢ = / e has a definite minimum as the time 
increases, and that this minimum is lower the greater the value of A, 
i.e. the faster the current increases. He goes on to say that if this 
minimum is not so low as the value which has to be reached for stimu- 
lation to occur, then the current corresponding to that rate of increase 
X will never stimulate, however long continued: while if the minimum 
is lower than this value then that progressive current will cause an 
excitation. I have been able mathematically to confirm his statement 
that bis function ¢ has a minimum as the time increases. Above, (H), 
is given the value of y for a progressive current: hence 

-k St 

This quantity I have calculated at different times for certain 

arbitrary values of the constants 


a=1, k=l, b= = "1666, c= 001. 


The calculation is not given for times so small that there is an error 
greater than 3% resulting from the neglect of all but the first term of 
the Fourier series. At and after f = 03 the error is less than 1 % 

The following values of & are plotted in Fig. 2. It is easily seen that 
¢ falls to a minimum (which is lower the greater the value of ), and 
then rises again to the common asymptote of all the curves. 


‘ Lapicque. Journal de Physiol, XI. p. 1009 ete. 1909. 
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LAPIEQUES FUNCTION —> 


TABLE. Value of ¢ for 


4222 A= 333 


A=% 


A= 666 


4210 


1-000 1-000 1-000 1-000 1-000 1-000 1-000 
617 533 474 4090 420 399 3535 
588 516 469 443 428 413 380 
572 510 “478 462 441 430 404 
564 511 — — — 447 — 
561 517 491 477 470 463 — 
560 “522 — — — — 
562 “528 509 501 496 490 480 

— — 591 — 
618 612 607 606 605 603 602 
— — — — — “621 * 
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This asymptote, the value of ¢ when the current is continued for a 
relatively very long time, is at a height in my calculations of 6667. 
More generally it is the 


a 
* 
2 


Lapicque’s theory, to take a particular numerical case, is that & has 
to reach the value 51 and then the stimulation occurs. It is thus seen 


from the figure that all currents whose rate of increase is greater than 


333 reach this value of &: while all currents whose rate of increase is 
less than 333 never reach this value of @ however long they are 
continued. 

Thus far therefore Lapicque’s theory holds. Unfortunately the 
considerations given below show that his simple and attractive hypothesis 
must be abandoned, 

For a constant current the least current that will stimulate if 
allowed to pass for a time ¢ is, according to Lapicque’s theory, 


o(1—m) 


— — 

This equation is shown above to accord very well with experimental 
facts, if 26 ) and (m — cos ™) are assumed to be positive. 
Hence if Lapicque’s theory holds these quantities are undoubtedly 
positive, for otherwise the equation would be, not i= , but 


* 
1-4 


I. This latter is not in accordance with facts 
Now for progressive currents, at an infinite time, the asymptotic 
value of @ is 12 But from above 


a 2b 
b g(l-m)>0, 1.6. m>1—— 


therefore the value of ¢ which must be reached for stimulation to occur 
lies above the value which & reaches at some time or other for every 
current however slowly increasing. Put graphically, the horizontal line 
which each curve has to meet for stimulation to occur, is above the 
asymptote of the curves, and therefore every curve reaches it. Hence 
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on Lapicque’s theory every progressive current however slowly in- 
creasing will finally stimulate; since this is not the case we must 
either modify or abandon the theory. 


Again in (L) above is given the formula connecting the concentration 


with the time in the case of a current which has reached a value ~ Ni 
by increasing slowly, (i= = xt) and has then remained constant at that 
value. After a certain time eo has become zero, so we may put 
20. 


Thus Lapicque’s hypothesis that * never reaches a certain 
0 
minimum m means that 
*, (25 
a 
te. 


1.6. M) en, 
But this means 


which is the value of the least constant current that will excite. 

Thus if Lapicque’s hypothesis holds for constant currents i the 
current finally reached is not so great as the smallest current which 
will stimulate. We know however that a current may be increased 
slowly and then kept constant at a value many times greater than 
the liminal value, without an excitation occurring. According to 
Lapicque’s hypothesis the only currents which will not stimulate 
when their full value is arrived at slowly are those currents which 
would not stimulate anyhow. This we know to be untrue, so we must 
turn elsewhere for a theory. 

It seemed inevitable that no reasonably simple function of the 
concentration alone can be made to condition the stimulation in a way 
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which will accord with the facts known about progressive currents. 
What is needed is some opposing time factor which has little effect 
during times of short duration (as in stimulation by a constant current), 
but very considerable effects during the longer times involved in the 
action of progressive currents. Two such hypotheses I have considered. 
The first which I have had to abandon owing to mathematical difficulties 
was that the membranes are to a certain extent permeable by the salts, 
and therefore that the ions in the neighbourhood of the membrane were 
being lost by going through the membrane. For short times this effect 
would be inconsiderable, for longer times it might modify in toto the 
effects observed. The hypothesis involves the boundary condition 


at and «=a, 

instead of the simple condition 

122 — 
As I could not obtain a solution with this condition, and as 
Professor Forsyth (who was kind enough to give me his advice) was 
unable to give me much hope of doing so, the hypothesis has not been 
further considered. A strong objection to it is given below (p. 223). 
The second theory I have considered accords with all the facts hitherto 


observed, and has the advantage of giving a further insight into the 
actual processes which determine an excitation. 


It may be profitable to take an analogy before proceeding to describe the present 
theory in detail. Let us suppose a long cylinder filled with a mixture of O, and H, gas. 
At any one point the temperature of the cylinder is raised. We know that the action 
O, + 2H, —» 2H,0 (vapour) goes on very slowly at ordinary temperatures. When the 
temperature is raised it goes on more quickly and at a certain temperature the mixture 
combines explosively: an explosion occurs when the heat produced by combination is no 
longer conducted away as fast as it is produced. When once the explosive stage is 
reached, i.e. when once the rate of combination exceeds a certain limit the explosion takes 
place and travels as a wave down the tube. At any given temperature the rate of com- 
bination is proportional to (tension of 0% (tension of H,)*. If now we raise the 
temperature very slowly to the explosive temperature, just before the latter is reached the 
combination 0, 1 H, — 2H,O goes on at an appreciable rate. Thus considerable 
quantities of O, and H, may be transformed into water vapour, and the tension of each 
may correspondingly fall. Now when finally the temperature which was originally that 
of an explosion is reached the rate of combination which is proportional to [O, IH, may 
be nowhere near what it would have been if that temperature had been reached quickly : 
for there will be very little O, and H, left to combine. Thus if we reach the explosive 
temperature too slowly the explosion will never ocour at all. This I believe to be an 
exact analogy to the effects of slowly increasing currents. 


1 Ct. Keith Lucas. This Journal, xxxvm. p. 477. 1908. 
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Suppose a nervous impulse to be started by the rate of breakdown 
of some substance’ in the tissue exceeding a certain limit, M say. The 
amount of substance at any time t being &, we shall have two re- 
lations : 

(1) the rate of breakdown, — 5, is proportional to the amount still 
present at that moment : 

— 

(2) the rate of breakdown is conditioned by the degree of concentration 
set up by the current, and is proportional either (a) to the excess of the 
concentration of some ion over the normal concentration, — = a (y—c) 


or (8) to the difference in concentration between two given points, 


(Yo 


[These possibilities (a) and (5) lead to exactly the same type of results: in fact (a) is a 
particular case of (H, when b=. For simplicity I have used (a).] 


Hence we shall have 


Fim yS(y-0) 
where ꝙ is some constant: 
Let us consider the consequences of this theory applied to constant 
currents. Here the concentration at any time is given by 


Hence integrating the equation (1) above we find, 


1 [Compare the ‘‘receptive substances” of Prof. Langley. The compound whose 
breakdown is measured by - 4 may be of any nature, physical or chemical. It is not 


necessary, or possible to make specific assumptions as to its nature, except that the fact 
that its stability is affected by changes (+ or —) in the concentration of the ions suggests 
that it actually combines with the ions in question. The action of paralysing poisons 
might possibly be by rendering the breakdown complete (hence the initial stimulating 
effect of some of these) by replacing the ions which normally complete the compound, and 
then preventing the possibility of further breakdown by the stability of their own com- 
bination with the substance.) 
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ie 6907.2 
50 


Now for constant currents, ¢ the time required to reach an excitation 
is small. Then if y is not large we have the second term e, which is 
1, so that 


a ab 
8a (5 170 )-*F cos 
Now by jee has to exceed a certain limit M before 
stimulation occurs: hence the liminal current is given by 
a 


1.6. i= where wee = „ Ome 
1 
This equation has been shown above to hold with considerable 


Application of the new theory to progressive currents. For progressive 
currents the concentration (see nay above) is, 


Integrating as before, 


Now in the case of progressive currents X is small and t is large 
(compared with the quantities used in the experiments on constant 
currents), while AZ is finite. 


Hence in — = we may neglect, in the first term, all except 


At (Ja -, and in the second all but — A N (14 — ), and nevertheless 
obtain results which are almost exactly correct. This is not the case 
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when we consider currents increasing very rapidly, for then X is no 
longer small: the only cases however at present of interest are when X 


is small (“progressive currents), and when X is very large (“constant 
currents” whose values are arrived at almost instantaneously). With 
the condition that is small we have 


6.9. 
Excitation will occur when this quantity exceeds a certain limit M. 
In the figure (Fig. 3) are given some curves for the value of — © the 


os +0 45 2-0 


quantity which has to exceed a certain limit for excitation to occur, for 
different values of A, the rate of increase of the exciting current. It 
will be seen that each of these curves shows a definite maximum, and 
that the maximum is higher the faster the current increases (1.¢. the 
greater the value of A). The hypothesis I have advanced is that (to 


take a numerical case) the value of A has to reach a value greater 
than 140 if excitation is to occur. The vertical height of the figure 


11 
— 
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is represented by 200. It is then seen that all progressive currents 
whose rate of increase is less than 2 never cause excitation: that the 
current whose rate of increase is 2 exactly causes it: and that all 
currents whose rate of increase is greater than 2 cause it. 

Hence we have a perfectly rigid explanation of the fact that there 
is a certain rate of increase of a progressive current, below which no 
excitation can occur. 

Much work has been done by Lucas“ and others in tracing a 
connexion between the rate of increase of a current and the least value 
which must be reached if an excitation is to occur. Unfortunately none 
of the observers have taken the precaution to cut off the current 
immediately it has reached its full value: the current has been made 
constant and then been allowed to pass for some arbitrary (and pre- 
sumably inconstant) time before it has been cut off. For rapidly 
increasing currents this fact is of the utmost importance for it means 
that for cases where A is large what they have observed is almost 
entirely the least constant current which will cause excitation. This 
current has been allowed to pass for a relatively long time, and there- 
fore has itself caused the excitation which they have observed. For 
more slowly increasing currents this fact is of much less importance, and 
we may assume in order to test the experimental results that the 
current has been cut off immediately at the end of its increase. In this 
case we have the relation 


A® /a 
connecting the time and the rate of inerease of the current which just 
causes excitation. But 5 Xt is the current i which is reached in time t: 
hence we may write 
B=ie- «it, 


where B and a are two constants. I have calculated below the values 
of i for values of t, with certain arbitrary values of B and a. 


0 8 19 29 3 56 71 886 8 109 119 
1 12575 12975 180 1825 185 140 146 150 1655 160 165 


t 128 187 144 151 158 1686 166 168 17056 172 175 
1 170 175° 180 185 190 195 1975 20 225 206 WIS 


The numbers are plotted in the figure: the dotted line represents 
the minimum gradient necessary to excite, The figure-is obviously like 
1 Keith Lucas. This Journal, XXXVI. p. 258. 1907. 
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those given by Lucas“, except near t=0, the vertical axis, where 
according to his observations the curve becomes horizontal. For this 
there are two reasons, both explained above: (1) the method of calcula- 
tion involves the assumption that & is not large: for observations near 
t = 0 is large and therefore the method of calculation is no longer quite 
rigid: (ii) his observations were taken without the precaution of 
shutting off the current directly the full value of the current was 
reached. Until the results of experiments with this precaution taken 


* 
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* rine. t 


Fig. 4. 


are available it is of no use calculating results and comparing them 
with the experimental facts. The general results of such experiments 
can be seen at present, and qualitatively these fit the formula given 
above well. The concordance observed between the experimental results 
is probably due to the fact that about equal intervals of time have 
always elapsed between the reaching of the full value, and the breaking 
of the current. 


1 This Journal, XXXVI. p. 260 etc. 1907. 
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n o 1 4 9 6 238 
2 1812 1-617 1°448 1-302 1˙164 


6 866 49 64 81 100 121 169 196 
1092 1°040 1°046 1°07 1°:0835 1°090 1-084 1:0685 1-059 


In the figure (Fig. 5) are plotted these values. It is seen that / /n 
falls at first rapidly as n increases: then rises again slowly to a 
maximum, after which it remains almost constant with a slight tendency 
to decrease. This is exactly what is observed experimentally. This is 
really one of the strongest pieces of evidence in favour of the validity of 
the whole method of calculation above, and of the physical theory first 


suggested by Nernst. 

[For the variations of i/,/n the following figures for i/./n may be quoted from 
Nernst’s paper. I have not been able to give parallel columns of calculated figures 
because of the complexity of the equation involved, but the general effect is obvious. If 
the arbitrary value of a/,/k taken for the figure had been taken smaller the changes of 
i/,/n would be much less noticeable for increasing u, 


n 100 200 600 1000 100 800 600 1000 571 830 1200 1846 38660 
1% 88 82 1 27 21 23 22 161 188 175 169 1°56 
„ 105 186 785 2280 920 1080 1120 1985 1850 1400 1430 

% 78 75 7% 81 187 1-74 1-77 1°70 169 167 1-66 
n 857 1600 340 3950 4280 5740 460 760 940 1120 1410 2040 
1% 172 1602 159 168 150 150 131 109 104 116 114 124 
n 2700 38570 | 
121 1-29) 

Logarithmic Currents. 


Lapicque’ finds that the liminal current necessary to secure 
stimulation is less when the current increases linearly than when it 
increases “logarithmically,” ic. when i =i,{1—e-"}. Of course this 
must depend on the rate at which the “logarithmic” current reaches its 
value, for if H is very large i= i from the beginning and we have the 
case of a constant current: which we know to be more effective than a 
progressive one in causing excitation. For the case of a “logarithmic” 
current not instantaneously established we have from (P) above, 


y-om + ~ 
cos 


for after a very short time the terms inside thé are all zero. 
} Journ, de Physiol. x1. p. 1044, 1909. 
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Hence integrating the equation 4 log S=y(y—c) S; 


log 


progressive currents on p. 210 we see that if at time t the “ progressive ” 
current be made constant, and the “logarithmic” current be then 


practically at its full value we have for the progressive current which 
has reached a value i, 


- *) + negligible terme * 


while for the logarithmic current 
The only difference between these is that the exponential in the 
first case is Par G-) and in the second case ert G-*), 


The first is greater than the second, for they are both less than 1, 
and the second is the square of the first. Hence at the time ¢ when 


both currents are practically fully established the value of 2 is 
greater for the “progressive” than for the “logarithmic.” This agrees 
with Lapicque’s experimental observation that the “logarithmic” 
current needs a higher threshold value to obtain excitation than the 
progressive current, 


* +neetinble terme 


The connection between the least slope of a progressive current and the 
liminal strength of a constant current. 


From (E) above (putting for simplicity «= O, ie. considering the 
concentrations at the membrane) the liminal strength of a constant 


k 
current is found to be, by putting t=, proportional to — . For 
15—2 


° 
2 7 — — . 7 * 8 
* * * 
=i 
* 
1 
1 
1 
ok 
„ 
7 
a 
£ 
4 
* 
. 
* 


214 


Alternating Ourrent. 
For an alternating current i = 7, sin (unt I e) it was shown above (F) 


where ¥ is an auxiliary a which does not in the least concern the 


argument and p= a Js: Py 27 is the frequency. As the absolute value 


of the frequency does not come in, we may for simplicity take n as the 
frequency. 

Now if we consider the caine of concentration so near to the 
membrane that # may be put small compared with a, and if we suppose 


922 
n the frequency is rather large, pian i ell as being 
too small to have any effect and write, 


Now (y—c) is on the whole as often + as —, for 
7 
is as often + as —. Hence over any finite time (say several times the 
period of the current) the average value of (- c) is zero, and therefore 
22 which is proportional to (y—c) has an average value of zero, and 
therefore & is relatively unaltered. 


Hence since, for excitation, — 2° = 5 (y—c) has to be greater than 
a certain limit, (y—c) has to be greater than a certain limit. But the 
maximum value of (- o) is when the time is such that the cosine = — 1. 
Hence 

must be > a certain limit, à say. Putting in the value of p we find the 
liminal current i, to be connected 2 5 the frequency A the relation, 
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Now Nernst’, by his method of calculation, finds that t, Yn should 
be constant. As a first approximation this is true experimentally, and 
his formula can be derived from the one above by puttinga =a. It is 
noticeable however on looking at the figures which he quotes that, z,/\/n 


17 


16 


KS 


\ 


0 100 150 200 
FREQUENCY 2 —> 


“Fig. 5. 


is not constant but exhibits regular divergencies from a constant value : 
/ Vn always decreases as n increases, and then after awhile with higher 
values of n begins slightly to increase again. To test whether this was 

the case with the formula deduced above I have calculated the value of 


for a particular arbitrary value of Jap 2005. The numbers for 


different values of n are given below. 


1 Nernst. Arch. f. d. ges. Physiol. En. p. 285. 1908. 
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FFF 
af 1400 2 1-812 1-617 1-448 1-802 1-184 
466 4 100 121 10% 106 
1-092 1-040 1-046 1-07 1-0885 1-090 1-084 1.0866 1-059 


In the figure (Fig. 5) are plotted these values. It is seen that / /n 
falls at first rapidly as u increases: then rises again slowly to a 


maximum, after which it remains almost constant with a slight tendency — 


to decrease. This is exactly what is observed experimentally. This is 
really one of the strongest pieces of evidence in favour of the validity of 
the whole method of calculation above, and of the physical theory first 


suggested by Nernst. 


[For the variations of ½% the following figures for in may be quoted from 
Nernst’s paper. I have not been able to give parallel columns of calculated figures 
because of the complexity of the equation involved, but the general effect is obvious. If 
the arbitrary value of a/,/k taken for the figure had been taken smaller the changes of 
/ /n would be much less noticeable for increasing u, 


100 200 600 1000 100 300 600 1000 571 830 1200 1846 3660 
in 88 82 11 32 27 21 23 22 161 188 175 169 1°56 


mn 106 186 785 960 2230 920 1080 1120 1985 1850 1400 1430 
78 75 77 7 81 187 «4174 177 170 «4169 1·67 1˙66 
n 857 1600 3400 3950 4280 5740 460 760 940 1120 1410 2040 
10% 172 1692 159 168 150 150 1˙81 109 104 116 1˙14 1°24 
n 2700 38570 
% 1-22) 

Logarithmic Currents. 


Lapicque' finds that the liminal current necessary to secure 
stimulation is less when the current increases linearly than when it 
increases “ logarithmically,” ic. when i =1,{1—e-"}. Of course this 
must depend on the rate at which the “logarithmic” current reaches its 
value, for if g' is very large i = d from the beginning and we have the 
case of a constant current: which we know to be more effective than a 
progressive one in causing excitation. For the case of a “logarithmic” 
current not instantaneously established we have from (P) above, 


cos 8 — 


for after a very short time the terms inside thé © are all zero. 
) Journ, de Physiol. XI. p. 1044, 1909. 
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Hence integrating the equation 4 log S = (y—c) 8; 


progressive currents on p. 210 we see that if at time t the “ progressive ” 
current be made constant, and the “logarithmic” current be then 
practically at its full value we have for the progressive current which 


has reached a value i, A 
while for the logarithmic current 
G — ) +-negligible terms 
The only difference between these is that the exponential in the 
first case is and in the second case G-*), 


The first is greater than the second, for they are both less than 1, 
and the second is the square of the first. Hence at the time ¢ when 


both currents are practically fully established the value of —＋ is 
greater for the “progressive” than for the “logarithmic.” This agrees 
with Lapicque’s experimental observation that the “logarithmic” 
current needs a higher threshold value to obtain excitation than the 
progressive current. 


($-#) 


The connection between the least slope of a progressive current and the 
liminal strength of a constant current. 


From (E) above (putting for simplicity «= O, ie. considering the 
concentratidgs at the membrane) the liminal strength of a constant : 


k 
current is found to be, by putting t=, proportional to =. For 
15—2 


8 vip (a vig I sin (5 ~ 2)] 

=— 

cos 
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excitation by progressive currents we have on p. 211 the condition that 


must exceed a certain limit. Me™, where i is the current finally 


reached. Hence 
vt 
must exceed a certain limit, m say. Now the liminal slope is the 
tangent from the origin to the curve whose equation is obtained 
by equating this quantity to m (see Fig. 4), and is therefore given 


d 
by ! We have 


Taking logarithms and differentiating we find 
„ 


into which putting $+ =* we have, 


he. 2 
Putting this into (i) above, after squaring we find, 
k 3 
Hence (=) 
k 


Thus the least slope is directly proportional to =, which constants 


are affected by temperature changes, or by passing to other tissues. 
Thus an increase of k as by a rise of temperature, or a decrease of a as 
by passing from one tissue to another, or possibly a decrease (to 1/2) of 
v by placing the tissue in a solution of a divalent salt, all tend to increase 
the least slope of a progressive current. They will have exactly the 
same effect on the liminal constant current, which is also proportional 


4 
oa 
Se 
14 
4 ‘ 
4 
* 
e 
} 
= 
E -= 
2 \av 
9 
7 
7 


THEORY OF ELECTRICAL EXCITATION. 219 


to 2 The divergencies from an exact relation between these ‘ie 


quantities may be due to the fact that the other quantities (eg. 
m and ) change also. This explains however why the least slope of a 


progressive current always runs parallel at any rate to the liminal 
strength of a constant current’. 


8 & 

The case of induction shocks is simpler to carry out experimentally, 
that of short constant currents is simpler mathematically. The object 
of the inquiry below is to trace the factor to which “summation of 
stimuli” can be credited qualitatively and quantitatively: so for 
simplicity I have taken the case of short constant currents, as this 
factor will be fhe same in either case. The fundamental observation“ 
is that two induction shocks, each (say) 5 % below the liminal strength 
necessary for excitation, will cause excitation if sent in consecutively at 
less than a certain interval ¢, apart: and it is suggested that this time 
t., the “summation time,” is a measure of the rate at which the excita- 
tory process dies away. Below the variations of t, for different tissues, 
and for the same tissue under different conditions, are shown to be 
connected directly with & the diffusion constant and a the size of the 


structure of the tissue in question: t, has to increase if in decreases, and 


vice vers, so that increase of the diffusion constant (as by raising the 
temperature), or decrease of the distance apart of the membranes of the 
tissue (as by passing to a different tissue) will decrease the summation 
time of two stimuli. Thus the summation time for two stimuli, each 
n /è below the liminal current strength, is a very simple function of the 
physical constants of any tissue, and may be used as a means of 
comparing different tissues, and the same tissue under different 
conditions. 

Suppose a constant current i is sent into a tissue for a time ti: and 
that i is less than the least current necessary to stimulate in time ti in 
the ratio p: 1. . The concentration at any point is, at the end of the 
time tu, (See (D) above), 1 

1 Keith Lucas. This Journal, XXVII. p. 471. 1908. 
2 Keith Lucas. This Journal, XXXIE. p. 461. 1910. 
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Then the current is broken, and the ions begin to return to their 
normal position and concentration. A solution of the diffusion equation 
for the time subsequent to the break is 


(ii). 
yo cos —— (ii) 
Also at «=0 and «=a, f — 0 (the condition that no current is 
passing): and at ¢= 0 y must equal the quantity above, (i). 
Now in (D) if we put t= 0 we have the relation, 
vi 1 
4 i 
Inserting this in (i) and equating (i) to (ii) we find on equating 
that (ii) becomes 


(1-e "Ve 2 %, 


which on putting f = t, gives the concentration at the end of a pause in 
the current of length t. Now at the end of the pause the current i is 
sent in again for a time ti: we have for the time beginning now, 


(iv). 


For this satisfies the diffusion equation, at c- O ande- a 
and at ¢=0 it has to be equal to the concentration in (iii) at the end of 
time t,; 


vi/a 1 —1 


and equating coefficients of cos in (iv) and (v), we find that 


the concentration at the end of the time fi ca at the end of the passage | 


~ 
* J ** — — — 
e 
’ 
7% 
* 
& 
‘ 
2 
7 
4 — 
* 
* 
N 
* 
| 
4a 
2 
> 
a 
| 
4 
in 
4 
Ir 
E- 
* 
\ 4 


THEORY OF ELECTRICAL EXCITATION. 221 
which, owing to the rapid convergency of this series, we may write 
2 


Now t, is by hypothesis the “summation time,” ie. y—c has risen 
to a value just sufficient to stimulate: while i is only pi, where p is a 
fraction and i, is the least current that will stimulate in time ti if sent 


in only once. If (y- c) has to reach a value m for stimulation to occur 
we know that 
2 42. 
2 
if we consider the concentration at the membrane, ce. put & = 0. 
Hence 
a 
But i just stimulates when sent in a second time: ie. (y- c) in (vi) 
reaches the value m: hence : 


ro 27 
— 25 (a 
Equating these last two values of i we have, 


a@ 4a $$-k-(&+h) 


43 
at 
Now e is considerably greater than „ el. Henes if we 
increase f. we decrease e % and decrease the second term, for the 


decrease of be is much greater than the increase of „ 
Hence in order to keep the right-hand side constant we must decrease 
t, considerably. Hence the summation time is decreased either (a) by 
: ing the diffusion constant, or (8) by decreasing the distance 

ween the membranes of the tissue. 

Thus we have a reason for the conclusion which Lucas' reached 
experimentally that (i) the summation interval, (ii) the time it is 
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necessary to pass the least exciting constant current and (iii) the least 
rate of increase of a progressive current, are all seen to run parallel, and 
are intimately connected with one physical factor, 4 which is really a 


measure of the rate at which diffusion tends to st concentration 
differences at the membranes. | 


Excitation at Break of Constant Current. 


According to the theory advanced above as to the nature of electric 
excitation one can explain how the break of, or a pause in, a constant 
current causes an excitation. Further one can predict the form of the 
curve relating the liminal strength of a constant current to the duration 
of a short pause which causes an excitation. Any theory which pretends 
to explain the excitation physically should be able to account equally 
for its occurrence at break and make, as these are both equally obvious 
and important. Nernst’ supposes that the protoplasm which has 
become “accommodated” to the presence of an excess of ions in its 
neighbourhood is excited when the break of the current causes a 
diminution in the concentration of the ions. This is in effect an 
additional hypothesis, viz. a lowering of the concentration of the ions is 
supposed to be as efficacious for causing excitation as an increase in the 
concentration. The hypothesis I have described above, on the other 
hand, will apply directly to this case, so we obtain a solution of this 
important fact without any multiplication of hypotheses. 

In Fig. 1 the current i is supposed to be passing from OD to AB. 
If now it continue passing for some considerable time the unstable 
substance at the end CD where the current enters will take up a new 
equilibrium with the ions in its immediate neighbourhood, according to 
the scheme 

ions + unstable substance => compound (i). 


Since the concentration of the ions at this end is largely diminished 
the equilibrium will have gone — Now the current is broken and the 
ions return to their normal position, i.e. the ions referred to in (i) have 
their concentration largely increased, (not instantaneously of course, but 
gradually,) and hence the action goes —. This is exactly what the 
theory supposes to happen when a current is sent into the tissue, and if 
the rate at which the action goes — is greater than a certain limit then 
excitation occurs. This also explains why excitation at make occurs at 


1 Nernst. Arch. J. d. ges, Physiol. Xn. p. 281. 1908. 
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the cathode, and at break ocowrs at the anode: for the action takes place 
at the ends AB and OD respectively (Fig. 1). 

At the moment when the current was broken we have for the 
concentration at any point, (putting f= in (E) above), 


y=c+vi/k (ga-. 
A solution of the equation %=%°%, which satisfies this initial 
condition, and the further one that no current is passing is, (of. p. 220), 
37 

Now for excitation the change of y must in a given time t exceed a 
certain limit, for then as before — Jr will exceed the limit required for 

excitation, (cf. p. 209). Hence 


y—[e+vijk 
must exceed a certain limit, and therefore (neglecting all but the first 
term of the series), 


must exceed a value, say m, at or near 2 = d. 
This gives, 


| 

where A, , and @ have exactly the same values as those given on 
page 201 if we measure ö from the other end of the box (Fig. 1). 

This explains why Lucas“ obtained exactly similar relations in the 
case of either a short passage or a short pause of a constant current. 

The suggestion above (p. 208) that the effects observed with progressive currents are 
due to the gradual diffusion of the ions considered through the membranes seems to be 
negatived by the ready explanation which the other theory gives of the effects of short 
pauses in a constant current, in fact of the excitation at break. This explanation would 
not be possible if the diffusion of the ions through the membranes were of much account : 
for at break there would be no possibility of a large return to normal of the concentration, 
because the concentration has been kept down by a gteady diffusion across the membrane. 

My heartiest thanks are due to Mr Keith Lucas for the ever 
ready information and suggestions which he has given me as to the 
papers and experimental observations of himself and others: and to 
Mr ©. G. Darwin for his kindness in looking through and criticising 
* math ematical treatment of the problem. 


1 Lucas, This Journal, xxxv. p. 818. 1907. 
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Mechanical and Chemical Stimulation. 


The theory provides an explanation of these methods of excitation. A mechanical 
stress, or an increase of the osmotic pressure outside the space ABCD by the presence of 
some chemical body, may lead to « concentration of the fluid inside ABCD. The ion 
which effects an excitation will not be separated electrically from its complementary ion, 
but its increase of concentration will cause a change in the equilibrium between itself and 
the unstable substance 8. This might lead to an excitation. The theory given above 
seems to me therefore to give, or at any rate to suggest, an explanation of all the 
phenomena in excitation of which I am at present aware. Mr W. B. Hardy has 
suggested to me that in case of any phenomena being observed which do not accord with 
the theory, various other physical effects may be introduced to account for them. For 
example, 4B and CD may not be membranes, but portions of colloidal matter in com- 
bination with one of the dissolved ions. These ions would tend to diffuse outwards, and 
so there might be formed an electric double layer held together by electrical attraction, 
tending to separate by diffusion of the ions forming the outer layer. When the current is 
passed the concentration of these ions at AB is increased; and consequently the tendency 
to diffuse out is not so strong. The result would be a higher degree of combination 
between ions and colloid, following the above mathematical treatment. Now colloidal 
matter in living organisms is in what may be called a “critical state”: it is in that 
position where very small changes in the external conditions may have almost infinite 
effects on the internal equilibrium and state of the tissue. Hence the extreme sensibility 
of living matter to very small changes of condition (‘‘stimuli”), especially in higher 
animals where the temperature of the body is constant at that of the critical state of 
the tissue colloids. This conception of a double electric layer gives an interesting 
explanation of mechanical excitation. A very slight mechanical stress will change the 
curvature of the surfaces of the colloidal body AB: this will change the difference of 
potential between the two layers, and may cause at certain points a very large alteration 
in the equilibrium of ion and colloid, leading to excitation. 

Another factor which may possibly be of importance has been entirely omitted from 
the theory: no mention has been made of endosmotic effects. An electric current passing 
down the nerve will transport water across the membrane by electric endosmose. The 
direction in which it is transported depends on the sign of the charge on the water in the 
double electric layer between water and colloid. Thus electric endosmose may, on making 
the current, tend to lower or raise the concentration of the salts in the neighbourhood of 
a membrane, by passing water in one direction or the other. Whether these and other 
physical effects are of importance remains for future work to decide, but they should be 


borne in mind when phenomena are observed which do not accord with the theory in its 
simpler form. 
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AN ANALYSIS OF CHANGES AND DIFFERENCES IN 
THE EXCITATORY PROCESS OF NERVES AND 
MUSCLES BASED ON THE PHYSICAL THEORY OF 
EXCITATION. By KEITH LUCAS, Fellow and Lecturer 


of Trinity College, Cambridge. 


THE researches on the summation of stimuli which I published in a 
recent number of this Journal* led me to the conclusion that the main 
differences observed between the excitatory processes of different tissues, 
and the changes of excitability produced by various conditions, ought to 
be expressible, in terms of Nernst’s theory of electric excitation, by 
simple physical constants. I withheld the discussion of this point until 
a modification of Nernst’s theory should be available by which the 
phenomena in question should be capable of quantitative treatment. 
The mathematical investigation of Nernst’s theory carried out by 
Mr Hill is published in the present number of this Journal, and I am 

accordingly able to return to the question. | 

In order that the physical constants to which I shall refer may be 
fully understood, it is necessary that I should first resume briefly the 
steps which have led to the recent development of the theory of electric 
excitation. 

The word excitation has by somewhat loose usage become applicable 
to all or any of the successive processes which constitute the connecting 
links between the application of a stimulus toa nerve or muscle and the 
appropriate final response. The application of the stimulus is not 
infrequently spoken of as excitation. The immediate local effect of the 
stimulus is called by the same name. The disturbance which is con- 
ducted away from the seat of application of the stimulus is often called 
the wave of excitation. A muscle is even said to be excited when it 
contracts in consequence of a stimulus applied to its motor nerve. It 


1 Keith Lucas, This Journal, XXI. p. 461. 1910. 
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seems therefore that we are bound to define precisely at the outset what 
is meant in this place by a theory of electric excitation. 

When an electric current is passed through part of a muscle fibre or 
nerve fibre there must be produced in the fibre a local physical alteration 
which is the immediate consequence of the current. This physical 
alteration provides the necessary condition for starting a disturbance 
which is then propagated away from the seat of application of the 
current. A theory of electric excitation means, as here used, a theory 
of the physical nature of that local alteration within the fibre which 
constitutes the necessary condition for starting the propagated dis- 
turbance. It is not a theory of the nature of the propagated disturbance, 
though no doubt it may ultimately lead to such a theory. Still less is 
it a theory of the more remote disturbance which constitutes contraction. 

In attempting to trace the steps which have led to the present 
development of the physical theory of electric excitation I pass over the 
whole of that important early period during which the pioneer researches 
of such men as du Bois Reymond, Fick, Hoorweg, Weiss, and 
Lapicque laid the empirical foundation of the theory. These investiga- 
tors gave us that knowledge of the precise quantitative relations between 
such factors of an exciting current as its duration and its liminal strength 
to which the theory has to look for its confirmation. But the immediate 
history of the theory must begin with the work of Nernst. In 1899 
Nernst! put forward an hypothesis of the physical change produced 
in an excitable cell by the passage of the exciting current. From a 
mathematical treatment of this hypothesis he subsequently deduced the 
probable relation between those variable factors of the exciting current 
which had been the subject of experiment by the earlier workers. In 
the agreement of his calculated relations with those already observed 
experimentally he sought for confirmation of his hypothesis, 

To render intelligible the subsequent stages of the enquiry it is 
necessary that I should recall the nature of Nernst’s hypothesis, and 
the considerations by which he was led to put it forward. Nernst’s 
attention had been attracted by the fact that alternating currents of 


extremely high frequency may be passed through the human body 


without causing any excitation whatever, as for example in the familiar 

case of currents from the Tesla coil. The old idea that the absence of 

stimulation was due to the current flowing only through the surface 

layer of the body he showed to be untenable. But he saw that an 

explanation would be afforded if an exciting current could be shown to 
Nernst. Gott. Nachr. Mathem. physik. Klasse. p. 104. 1899. 
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produce its effect by concentrating the ions by which it was carried, at 
membranes (impermeable to the ions) contained within the excitable 
cells, For, to put the matter in a general way, if the current used were 
alternating in direction with extreme frequency the concentration of ions 
at any membrane would never reach any considerable value, since the 
change of direction of the current would carry the ions away from the 
membrane again very soon after they had begun to accumulate there. 
Starting from general considerations of this sort Nernst put forward 
his hypothesis, which may be put in words somewhat as follows. Suppose 
that the excitable cell is represented by a cylindrical space closed at its 
two ends by the membranes A and B (Fig. 1.) and filled with a solution 
of electrolytes. Now if a current is passed from B to A this means that 


— —— 


Fig. 1. To illustrate the physical theory of excitation. 


the positively charged ions move towards A, the negatively charged 
towards B. If the membranes A and B are impermeable to certain of 
the ions, such of those ions as are positively charged will accumulate in 
the neighbourhood of A, the negatively charged in the neighbourhood 
of B. But this accumulation of the ions near the membranes will be 
opposed by the tendency of the ions to equalize their concentration in all 
parts of the solution by diffusion. Now let it be supposed that the 
necessary condition for the occurrence of excitation is that in the 
immediate neighbourhood of one or other of the membranes the con- 
centration of ions shall reach a certain definite value. It then becomes 
possible to calculate under what conditions of strength, of duration, of 
rate of alternation, and so forth an electric current will just produce 
excitation, since the conditions under which the required concentration 
of ions will just be reached can be calculated. 
At first Nernst confined himself to showing that for the case of 
alternating currents his reasoning enabled him to predict the observed 
1 Nernst, loc. cit, and Nernst and Barratt, Zeitschr. f. Electrochem. xxxv. p. 666. 
1904. 
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relation between the periodicity of alternation and the strength of 
current which would just cause excitation. In a later paper’ he ex- 
tended the mathematical reasoning to the case of excitation by currents 
persisting at constant values for variable durations. He showed from 
the published experiments of Weiss and of Lapicque that his theory 
enabled him to predict with tolerable precision the relation between the 
duration and strength of currents which would just excite. It should 
be noted at this point that Nernst in developing the mathematical 
treatment assumed certain simplifications of conditions which have had 
a very important bearing on the subsequent history of the theory. In 
particular he assumed that the two membranes (A and B, Fig. 1) at 
which the concentration of ions of opposite sign goes on may be regarded 
as infinitely distant one from the other. The importance of this 
assumption will appear presently. Also he stated expressly that the 
formulae which he gave were applicable only within certain limits of 
current-duration. For currents of longer duration certain disturbing 
conditions were set up, of which he gave a qualitative discussion, but 
offered no quantitative treatment in the deduction of his formulae. 

It chanced that in the few years preceding the publication of 
Nernst’s paper a series of investigations carried on independently by 
Lapicqueand myself had brought into particular prominence just those 
phenomena, observable with exciting currents of comparatively long 
duration, which the formulae of Nernst left out. We had shown that 
the current required to excite any tissue becomes smaller, as the dura- 
tion of its passage becomes longer, only up to a certain limit of duration. 
For all longer durations the strength of current required for excitation 
is the same. We had found too that one of the most marked character- 
istics by which different excitable tissues were distinguished one from 
another was this value of the duration at which the exciting current 
reached its constant value“. All this lay outside the range of 
Nernst’s formulae, according to which the exciting current would go 
on decreasing for all increases of duration. 

' Also Lapicque and I had independently made and published 
experiments showing another phenomenon of excitation to vary in a 
characteristic manner from one tissue to another, namely the inability 
of currents increasing directly as the time to excite if increasing with 

? Nernst, Arch, f. d. ges. Physiol. N. p. 275. 1908. 
* Lapicque, C. R. Acad. Sc. oxxxvi. p. 1147. 1908. C. R. Soc, de Biol. uv. p. 445 and 


p. 758. 1908. O. R. Acad. Se. ok. p. 801. 1905. C. R. Soc. Biol. Lyn. p. 501. 1905. 
Keith Lucas. This Journal, xxxv. p. 310, 1907. Ibid. XXXVI. p. 118. 1907. 
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less than a certain minimum rapidity’, This again lay outside the 
formulae of Nernst, who had, from a consideration of the experiments 
made by v. Kries* upon this subject, suggested a possible explanation 
of the general fact of the failure of slowly increasing currents to excite, 
but had not embodied the consequences in his mathematical treatment 
of the whole problem. 

Clearly Nernst’s theory did not supply a complete solution of the 
problem, and the limitations which he had expressly imposed upon his 
presentation of it rendered it inapplicable to a series of phenomena the 
interest of which from a physiological standpoint was considerable. But 
no writer upon the subject appeared to doubt its ultimate validity. 
Lapicque* for example had for some time past been engaged upon the 
experimental realization of a physical model such as that contemplated 
by Nernst in this theory. The problem was therefore that of amending 
or extending the theory of Nernst so that it should take account quan- 
titatively of the phenomena of excitation by constant currents of long 
duration and by currents increasing slowly. In 1908 I suggested‘ that 
the amendment which Nernst's theory required could probably be 
made if to his assumption that the concentration of ions must reach a 
certain value there were added the further requirement that the said 
value should be reached within a certain time. But, as I pointed out’, 
there was no evidence yet available as to which of the two possible causes 
determined the need for this rapidity of concentration, namely whether on 
the one hand the requisite concentration would never be reached if not 
reached rapidly, or whether on the other hand it might indeed be reached 
slowly, but would then fail to initiate the propagated disturbance. 

Lapicque has since endeavoured in a series of researches to arrive 
at a modification of Nernst’s theory which shall take account quanti- 
tatively of the two phenomena to which I have referred above as being 
left out of account in the incomplete form which Nernst first gave to 
his caleulations. Lapicque’s proposals belong to that category which 
supposes that if the concentration is not brought about with a certain 
rapidity it will never reach the. requisite value. The first suggestion 
which he made“ was that it is not a certain absolute value of the con- 


1 Keith Lucas, This Journal, XXXVI. p. 258. 1907. La pie que, C. R. Soc. de Biol. 
uxrv. p. 6. 1908. 

* V. Kries, Arch. f. Physiol. p. 887. 1884. 

* Lapicque, Journal de Physiol. rx. p. 686. 1907. C. r 
1907. 

Keith Lucas, This Journal, XXVII. p. 477. 1908. 

bid. p. 478. 

* Lapicque, Journal de Physiol. x. p. 601, speo. P. 612. 1908. 
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centration in the immediate neighbourhood of the membrane, but a 
certain difference between the concentrations at two points situated at 
different distances from the membrane, which is the necessary condition 
of excitation. For example, in Fig. 1, the requirement might be a certain 
difference between the concentration of ions at C, and that at D. The 
supposition enabled him to account for the fact that the strength of 
current required to excite does not decrease when the duration is in- 
creased beyond a certain value, but gave no explanation of the fact that 
slowly increasing currents do not excite. Accordingly he modified the 
hypothesis’, supposing this time that the requirement was a certain ratio 
instead of a certain difference between the concentrations at two points. 

This brings us to the present stage of the enquiry. Lapicque has 
been unable to obtain a complete mathematical treatment of his new 
hypothesis, but has with remarkable ingenuity devised a hydrodynamical 
model* by which he is able to realise experimentally and visually (repre- 
senting the movement of the ions by the flow of water) the conditions 
which Nernst’s equations impose. Both from the use of this model, 
and from a graphic solution of some of the problems for which the 
mathematical investigation is incomplete, Lapicque concludes that his 
hypothesis affords a complete account of all the phenomena, including 
that of the inability of slowly-increasing currents to excite. 

This hypothesis of Lapicque was not satisfactory for the purpose 
which I had in view (as expressed in my recent paper on the summation 
of inadequate stimuli)* because it had not been worked out mathe- 
matically, and so gave no simple means of calculation of the constants 
concerned. 

A more complete mathematical investigation of Nernst's theory has 
recently been made by Hill, and the results of his work are contained 
in a paper published in this Journal. In order to justify my use in this 
paper of a certain formula derived from his mathematical treatment I 
am obliged to trace the main steps which his argument has followed. It 
will be remembered that Nernst in his original treatment of his theory 
made the assumption that the two membranes at which ions of opposite 
sign are accumulated are infinitely distant one from another. Hill has 
regarded this assumption as inadmissible, and has therefore developed 
the reasoning afresh, including in his equations a constant (a) which 
represents the distance between the membranes. The necessity of this 
step will I think be obvious on a brief consideration. I have referred 


La pieque, Journal de Physiol. XI. p. 1009, spec. p. 1011. 1909. 
* Ibid. p. 1017 and figs. 7 and 8. 
Keith Lucas, This Journal, xxxrx. p. 474. 1910. 
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above to the fact that the concentration of ions due to the passage of 
current is constantly being dissipated by opposed diffusion. Now the 
rate of this diffusion depends (ceteris paribus) upon the gradient of 
concentration along the solution lying between the membranes. For 
a given concentration at one membrane this gradient will depend on 
the length of the space within which the concentration has to change 
from its increased value at one membrane to its reduced value at the 
other membrane. If the membranes are brought closer together the 
concentration will have to change by the same amount over a smaller 
length of solution, and so the gradient of concentration will be steeper. 
Accordingly the rate of dissipation of the concentration differences will 
be greater. | 

The result of the introduction of the distance separating the mem- 
branes into the reasoning is, as Hill shows by calculating the results 
of experiments made by many observers, that the original hypothesis of 
Nernst (that the requirement of excitation is simply a certain value 
of the concentration at one membrane) gives a complete quantitative 
account of the phenomena of excitation by constant currents of variable 
duration. The fact of the fall of current-strength to a finite value at a 
certain duration is brought out in the most satisfactory manner. 

Hill next examines Lapicq ue’s most recent modificationof Nernst’s 
theory, namely that which supposes the requirement for excitation to 
be a certain ratio between the concentrations at two points differently 
distant from the membrane. This leads, for excitation by constant 
currents, to an equation which again satisfies completely the known 
experimental facts, provided that the distance between the membranes 
is taken into account. In fact the equations for Nernst's original 
hypothesis and Lapicque’s modification prove to be practically identical. 

It appears then that we have reached a formula which gives satis- 

agreement with the experimentally observed relation between 
the duration and least strength of an exciting current, which moreover 
neither necessitates nor excludes the more complex assumptions which 
Lapicque has substituted for that originally made by Nernst. But 
what of the inefficacy of slowly increasing currents? It is clearly use- 
less to adopt a formula until it is shown to conform with this funda- 
mental fact of excitation. 

Hill finds that Nernst’s original theory, even when the distance 
between the membranes is taken into account, affords no explanation of 
the inefficacy of slowly increasing currents. Moreover Lapieque's 
modification proves also to fail in this respect. 

We are left with a formula which accounts for the phenomena of 
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excitation by constant currents, but does not show even qualitatively 
the inefficacy of slowly increasing currents. It should be noted that 
Lapicque’s attempts to remove this difficulty have belonged to the 
category which assumes that excitation fails because with slowly in- 
creasing currents the requisite concentration of ions (or ratio of concen- 
trations or whatever the precise requirement may be) is never obtained. 
Hill now has recourse to the other alternative and supposes that the 
usual concentration is indeed obtained, but fails owing to its slow in- 
crease to set the propagated disturbance in motion. In taking this step 
he is not content with the mere unfounded supposition that such would 
be the case; he goes further than this, and shows that it would neces- 
sarily follow if the propagated disturbance were initiated by a certain 
rate of breakdown of a compound contained within the excitable cell. 
If there is present in the contents of the cell a body which is in com- 
bination with the ions in question, this compound will be in equilibrium 
as long as the amounts of the body and of the ions remain constant, 
but will break down when the concentration of the ions is changed. 
The rate of this breakdown will according to the laws of mass action be 
proportional to the amount of the substance present at any moment and 
to the excess (or deficiency) of the concentration of the ions over their 
normal concentration. 

The mathematical consideration of this case shows that it leads to 
the same formula relating the strength and duration of constant currents 
as that previously reached. In addition it affords a complete account 
of the inability of slowly increasing currents to excite, and in particular 
of the phenomena of the “ minimal current gradient” which I have de- 
scribed’. I do not propose at present to discuss the validity of this 
addition which Hill makes to Nernst’s theory, or to enter upon any 
detailed account of the way in which it deals with various phenomena 
of excitation. My reason for mentioning this part of Hill’s work is to 
point out that while explaining the inefficacy of slowly increasing 
currents it shows the phenomena by which such currents are rendered 
ineffective to be considerable only at the very long durations which such 
currents involve, and to be practically negligible in a consideration of 
the relatively short currents’ used for determining in the ordinary way 
the relation of current-strength to current-duration. In fact this addi- 


Keith Lucas. This Journal, XVI. p. 288. 1907. 

* It appears from my experiments (This Journal, xxxvu. p. 471, Figs.7 and 8. 1908) that 
under given conditions a current increasing along the minimal gradient will excite after a 
time equal to sbout six times the duration of constant current at which the lowest value 
of current strength is reached. 
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tion to the theory makes no important difference in the formula relating 
the duration of a current to its least strength. 

This fact, taken in conjunction with the agreement between the 
formula and the observed relations of current-strength to current-dura- 
tion, appears to me to indicate that we are probably on the right track 
when we look for the explanation of the inefficacy of slowly increasing 
currents in some phenomenon which interferes very little with the 
relation of current-strength to current-duration at the shorter times. 
And I conclude that it is justifiable to accept Hill's formula as giving 
a sufficiently complete account of the phenomena of excitation by 
constant currents, even though we may not be satisfied that his 
hypothesis as to the inefficacy of slowly increasing currents is precisely 
that which will ultimately be adopted. | 

Accordingly I shall proceed to the analysis of certain changes and 
differences of excitability, making use of Hill’s formula. The precise 
form which I shall adopt is that which is deduced from Nernst's ori- 
ginal hypothesis. If Lapicque’s modification were used there would 
be an alteration in the meaning of some of the constants, but the form 
of the equation would remain the same, and the inferences which I shall 
draw would still hold. I choose Nernst’s original hypothesis because it 
is the simpler. There is no point in accepting the additional complexity 
of Lapicque’s, unless it can be shown to account for any additional 
phenomena. 


THE ANALYSIS OF DIFFERENCES IN THE EXCITATORY PROCESS 
OBSERVED IN DIFFERENT EX‘ITABLE TISSUES AND UNDER DIF- 
FERENT CONDITIONS. 


Nearly all my comparative experiments on the excitatory process 
have been carried out by an examination of the relation between the 
duration of an exciting current and its liminal strength. So I shall 
turn at once to this relation, and consider in the light of Hill’s formula 
the various factors by which it is conditioned. | 

The formula found for the relation is in its simplest form 
where 
i is the smallest current which will excite, 
t is the duration of the current, and 
16—2 
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X, A and @ are constants of the following significance :— 


And in these :-— 

a is the distance between the membranes. 

b is the distance (from the membrane at which the ions in ques- 
tion are being concentrated) at which the concentration changes are 
being considered. 

k is the diffusion constant of the ion. 
vy is the number of ions by which a given quantity of electricity is 
C is a constant expressing what may be called in general terms 
the ease with which the propagated disturbance is set up. In Hill’s 
treatment of the question this constant is defined precisely, and has 
reference to the rate at which his compound breaks down. But quite 
apart from his particular hypothesis it is clear that the current required 
to excite may be altered by a change in the value of the concentration 
of ions required for the initiation of the propagated disturbance. There 
is in fact what might be called an “excitability” factor determined by 
the ease of production of the propagated disturbance by the local dis- 
turbance, as well as the other excitability, with which the present theory 
is more immediately concerned, namely the ease of production of the 
local disturbance itself. I have therefore simplified Hill’s expression 
down to this one constant, which expresses the fact in quite non- 
committal form. 

Lapicque has recently discussed in detail the agreement of various 
formulae with the observed relation between the duration of a current 
and the quantity of electricity required for excitation. He has laid 
particular stress on the fact that when the durations are plotted as 
abscissae and the quantities as ordinates the observed points do not lie 
on a straight line as would be required by the formula of Weiss, but 
present a double sinuosity’, For very short times the curve is concave 


Journal de Physiol, rx. p. 626, 1907. x, p. 609, Fig. 1. 1908. 
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towards the abscissa, and for long times it is convex towards the ab- 
scissa. Hill has not dealt specifically with this point in his paper, so it 
may be well to show here that his formula fulfils these conditions. 

I take for this purpose the observations made by Lapicque, and 
stated by him to be made with special precautions for the very purpose 
of defining the relation of current duration to quantity with the greatest 
possible accuracy’. The figures which he gives as the mean of two experi- 
ments made in such order of time as to permit of the legitimate use of 
the mean are the following, where ¢ is in rhuths of a second. 

1 „% „% 

1 176 116 91 76 60 64 61 60 
From these figures the values of the various constants are found in the 
following manner. The equation is put in the form, 

3 ius 

On substituting in this equation the numerical values i- 175, t=, 
X = 60, and in a second case i= 91, ¢= 1, x= 60, we obtain two equa- 
tions from which gw can be eliminated by the division of one by the 
other“. In this way we obtain the value of 0, from which the value of 
6 is easily derived. Substituting the known value of @ in either of the 
equations we find the numerical value of yu. 

From these actual times t=} and ¢=1, the values found for the 
constants are X = 60, 4 = 909, 0 375. If the times chosen are ¢= 4 
and ¢= 15, the corresponding values are X= 60, w= 911, @='377. The 
agreement between the two sets of constants is remarkably close, and 
their mean values may safely be taken for the calculation of the values 
of i at various values of t. The observed and calculated values of i are 
tabulated below side by side’. 


i oba. 175 115 91 76 68 64 61 60 
1758 1150 912 759 689 G51 624 60 


From the calculated values of i the following values for the quantity of 
electricity are obtained by multiplying by the corresponding value of t 
in each case, ¢ is in ygyyths of a second. 


O88 O88 10 15 20 80 inf, 
q 420 S80 12 1188 1878 1697 1879 inf. 


1 Journal de Physiol, rx. p. 629. 1907. 

2 M is the value of i at infinite duration. See below. 

® The values of ü are a little too high at the longer times. This may perhaps be due to 
the observed value of X being slightly disturbed by interference of the factor which renders 
slow currents ineffective. 
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It will be observed that I have included in this Table the time 
000015 sec. which was not used in the experiment. In fig. 2 these 
quantities are plotted as ordinates, the values of t being abscissae. The 
points for the medium times lie on a straight line which does not pass 
through zero; for the shorter times the curve turns below this line and 
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Fig. 2. The relation of current-duration to least quantity as calculated from Hill's 
formula. The broken line is drawn through the caleulated points. The full line 
represents the formula of Weiss. 


is concave towards the abscissa ; for the longer times it rises above the 
line and is convex towards the abscissa. This is just the point on which 
Lapicque has insisted as the result of his experiments. Its occurrence 


in the calculated curve is further evidence in favour of the validity of 
Hill’s formula. | 


“a 
12 
> 
an 
4 ~ 
* 
4 
‘ 
* 
2 
/ 
50 
2 
501 See. -002 -008 
* 
Z 
‘ 


PROCESS OF EXCITATION. — 237 


I will now consider the three constants X, u and 0 in detail, and 
show how any change in their values may affect the relation of current- 
duration to liminal current-strength. 

X is the smallest current which will excite at all, or in other words 
the strength of current required to excite when the duration is so long 
that further increase of duration leads to no further diminution of the 
eurrent required. With very large values of ¢ in fact 1—y reduces to 
I. and iX It is important to notice that f does not enter into this 
constant A, so that any change which alters X only will affect the value 
of i in the samé ratio for all values of t. Suppose for example that the 
value of X is reduced to } its former value, then the shape of the curve 
will not be altered, but the values of i will simply be halved throughout 
the curve. Now we see from the details of X, a and @ given above that 
C enters only into X but not into or 0. It follows that a change in 
the ease of production of the propagated disturbance will not alter the 
shape of the curve relating current-strength to current-duration. This 
is an important fact to notice, since it enables us to refer any change in 
the shape of the curve to a change in the factors affecting directly the 
ease of concentration of the ions or in other words the ease of production 
of the local excitatory disturbance. 

Of the constants which condition directly the concentration of the 
ions v enters only into X, so it again cannot alter the shape of the curve. 
But b, a and & enters also into » and , so that if changed they may 
alter the shape of the curve. 

As may be seen from the equation given above yu has reference only 
to the position (relative to the membranes) at which the changes of 
concentration are being considered. If the changes of concentration 
considered are in the immediate neighbourhood of one of the membranes 
u reduces to 8/2", which is equal to 81. It will be observed that in the 
experiments considered in detail in this paper the values of u are 91, 
88, 80 and 78. It is probable therefore that this constant may always 
have a value very close to that required if the concentration is very near 
the membrane. For the purpose of the present enquiry at any rate this 
assumption may be made. If the concentration considered took place 
at a considerable distance from the membrane might rise to a value 
nearly as high as 1°2. This question will no doubt become clearer in 
the future when special investigations may be directed to its solution. 

We are reduced therefore to the conclusion that any considerable 
alteration in the shape of the curve is produced by a change in 6. The 


only possible change in is a change of k/a* since ¢ and . cannot change. 
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Every considerable change in the shape of the curve will therefore be 
referable to a change in k/a*. It is only when we get a change of shape 
in the curve that the smallest value of ¢ at which i becomes constant, or 
in other words the current-duration at which the liminal current-strength 
reaches its smallest value, will be changed. If the whole curve is raised 
or lowered in the same ratio there will be no such change. The con- 
stants k and a are those which determine the rate of dissipation of the 
concentration by diffusion, for * is the diffusion constant and a is the 
distance between the membranes, which determines (as explained above) 
the concentration gradient and so the rate of diffusion. We reach 
therefore from a consideration of this formula the fact which I have 
previously put forward as an hypothesis on purely experimental grounds, 
that an alteration of the current-duration at which the liminal current- 
strength reaches its smallest value means an alteration in the “rate of 
subsidence of the excitatory disturbance,” that is, in the rate at which 
the concentration of the ions is dissipated by opposed diffusion. 

We are now in a position to go beyond this general statement, and 
to consider in each particular case how the rate of diffusion has been 


changed, whether for example by change of & or by change of a, and 


how the other constants have been simultaneously affected. I take 
some typical examples from my published experiments, and subject 
them as far as possible to this analysis. The values obtained for the 
several constants will be seen to show a fair agreement in different ex- 
periments where conditions are alike, so they are probably reliable 
enough for the preliminary reconnaissance. But it can hardly be doubted 
that we shall be able to define them with greater precision in the future, 
seeing that the experimental requirements for their determination are 
now more clearly understood. 


(1) The effect on a given eacitable tissue of change of conditions. 


(a) Change of Temperature. I take this case first because it 
proves to be the most straightforward at present known. It is well 
known that Gotch and Macdonald! first showed the paradoxical effect 
that a nerve becomes when cooled more excitable to currents of long 
duration, and less excitable to currents of short duration. They 
suggested that these opposed effects might be due to the occurrence 
of two different kinds of excitation, one provoked by long currents the 


* Gotch and Macdonald. This Journal, xx. p. 247. 1896. 
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other by short. Mines and I' opposed this suggestion on the ground 
that at each temperature the curve relating current-duration to liminal 
current-strength showed no discontinuity. The view that the phenomenon 
observed by Gotch and Macdonald is not due to two different kinds 
of excitation is now strengthened by the fact that Hill’s formuia shows 
the phenomenon with a single set of constants at each temperature. 
For example in the first experiment published by Mines and myself 
the figures calculated from Hill’s formula are the following : 


8°5 
t “00044 00087 0017 0085. 0052 
i aleo. 6% 46 8-76 8°52 35 
t 00044 00087 0017 0035 
icale, 70 86 8-1 80 


The values of i calculated from the formula exhibit the phenomenon 
observed by Gotch and Macdonald. With the duration 0052 sec. 
the current required to excite the cooler nerve is the smaller, with the 
duration 00044 the current required to excite the warmer nerve is the 
smaller. We have then to enquire whether the equation throws any 
light on the cause of this phenomenon, which may be referred to in 
general terms as the crossing of the curves relating current-strength to 
current-duration at the two temperatures. An examination of the 
equations for the two temperatures will show that the explanation is a 
simple one. _ Consider first the constant 0. The values of @ are at 
19°4° C. 215, and at 12°C. 372. Let us enquire what would be the 
effect on the curve if the fall of temperature from 19˙4 C. to 12°C. 
effected nothing but this change in the value of . We have seen 
above that G = . The change of temperature can change nothing 
in this expression except æ the diffusion constant; so that æ must be 
changed in the same ratio as log@ namely 67:43. The only other 
way in which k enters into the whole equation is in the determination 
of 

Cy 
477 i * 


from which it is clear the X varies directly as k, so that X will be reduced 
in the ratio 67 : 43. It is simple then to calculate the exact effect at 


1 Keith Lucas and Mines. This Journal, xxxvi. p. 884. 1907. 


— are — - - — 
* 
“2 
* 
At 1 
4 
— 
V4 


240 KEITH LUCAS. 


different current-durations of the observed change in b, supposing æ to 
be the only constant changed. In column 1 of the accompanying Table 
there are given values of ¢ which range over the same values as those 
used in the experiment. In column 2 there are the corresponding 
values of t calculated fron@ghe numerical values of the constants found 
experimentally at 19°4°C. In the third column there are the values of i 
calculated on the assumption that & alone is changed, its change being 
in the same ratio as the change of log @ observed experimentally on 
the fall of temperature to 12°C. This change does not make the 
curves cross, 2˙2 is less than 3°5, and 8°7 is less than 10°6. But it is 
important to notice that the value of i is decreased in smaller ratio for 
the short currents than for the long. n 


2-2/3°5 = 63, 8°7/10°6 = ‘82, 


The change of k produced by fall of temperature reduces i less for short 
currents than for long. | ate 


Values of 4 calculated 
Values With With With 
oft A=86 A=22 A=380 
Bec. a= a= Pi 
215 @= “872 372 
005 3˙5 22 8-0 
-002 8°6 25 8°5 
“001 4°38 3-3 45 
0005 6-0 49 6-7 
0002 10˙6 8&7 119 


But it is clear that the change of ꝶ cannot be the only effect brought 
about by the fall of temperature, for the observed change of & if acting 
alone reduces A from 3°5 to 2˙2, whereas the actual experiment at 12°C. 
shows X to be reduced only to 30. Some other factor determining x 
has been changed. The constants a, b and „ cannot have been altered, 
so the change of X must have been effected by a change of O in the 
ratio 30/22. If now we calculate again assuming that k has changed as 
before in the ratio 43/67, and O in the ratio 30/22 we get the values 
given in the fourth column of the Table, which are of course those in the 
third column all increased in the ratio 30/22. The curves now cross. 
30 is less than 3˙5, and 11°9 is greater than 10°6. In this way the 
crossing of the curves receives a simple explanation. The fall of 
temperature reduces the value of k. The effect of this is to reduce all 
the values of i, but to reduce those for small values of t in smaller ratio 
than those for large values of t. The fall of temperature increases the 
value of O. This raises the value of i for all values of f in the same 
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ratio. For about .= 0015 sec. the reduction of i due to change of b is 
equal to the increase of i due to change of C, so that i is unchanged. For 
smaller values of ¢ the net result of the two changes is (since the 
decrease due to k is in a smaller ratio, and the increase due to O is in the 
same ratio) an increase of i. For larger values of t the net result is on 
the same grounds a decrease of i. 

The results of this analysis may be expressed in physiological terms 
as follows. Fall of temperature produces a slower rate of subsidence of 
the excitatory disturbance. The effect of this acting alone would be to 
render the tissue more excitable to currents of all durations but in a 
smaller ratio for currents of shorter duration than for currents of longer 
duration. Fall of temperature renders the propagated disturbance less 
easily started by the local excitatory disturbance. This effect alone 
would make the tissue less excitable in a ratio constant for currents 
of all durations. At a certain duration of current these opposed 
changes of excitability are equal, so that the excitability is apparently 
unchanged. At durations less than this the net result of the fall of 
temperature is a decrease of excitability, at longer durations the net 
result is an increase of excitability. The opposing factors are, then, 
not two different sorts of excitation differently affected by temperature- 
change, but opposite effects of temperature-change on the local excita- 
tory disturbance and on the ease with which the excitatory disturbance 
sets up the propagated disturbance. 

Similar results to these can be deduced from the experiments made 
by Mines and myself on the sartorius muscle of the Toad. For example 
in the experiment figured on p. 844 of the paper quoted above, at 17°6° C. 
log 6 =—-08 and x = 40, at 9° C. log =- 03 and x = 22. If z alone 
had been changed x would have become 15 instead of 22, so the change 
of temperature must have increased O as well as reducing k. Of course 
it will be obvious that the occurrence of actual crossing of the curves 
within the range of an experiment depends on the chance that within 
that range there is a value of ¢ at which the decrease of i due to change 
of kis equal to the increase of i due to change of C. If either change 
were a little greater or smaller the curves might never cross. In fact 
the important point is not the actual crossing of the curves, but the 
more rapid rise of i with decrease of t when the tissue is cooler. Mines 
and I called attention to this point in our paper’, and maintained 
that the frequent failure of the curves to show an actual crossing in the 
case of the excitation of muscle is not to be regarded as establishing 


1 loc. cit. pp. 340, 341. 
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any essential difference between the phenomena in muscle and nerve. 
The present analysis supports this view. 

(b) Change of the ions in the bathing fluid. The case which I wish 
to consider is the removal or reduction of the calcium in the bathing 
fluid, as when NaCl 0°71 per cent. is substituted for NaCl 06 per cent. 
CaCl, 0°1 per cent. This is by no means so simple a case as that of 
change of temperature, since there is the additional possibility of a 
change in the value of „ to be taken into account. But the inferences 
which can be drawn from the experimental data are so suggestive with 
reference to the conditions which lead to spontaneous excitation, that 
I feel bound to carry the analysis as far as the available data allow. 

On examination of Mines’ observations! on the relation of current- 
strength to current-duration in the presence and absence of calcium we 
obtain the following equations. 

Expr. 9 B, in which the frog’s sartorius is in NaCl 0°6 per cent. CaCl, 0-1 per cent. 
Exp. 9 0 from the same musele one bour later in NaCl 0-71 per cent, gives 


i= 
Te 


These values of the constants give good enough agreement between 
the observed and calculated values of i, as shown in the Table below. 


t “wre “0155 082 050 069 092 121 int 

NaCl — ‘ os. 40 2 24 21 21 a1 
CaCl, Ol} ical. 40 29 286 21 21 21 
obs. 8 26 20 17 16 14 12 
cleo. 802 26 04 17 “7 129 US 8 


The important constants are then, in the presence of Ca X= 21, 
log @ = — 03, and when the Ca has been removed A =8, log @ = — 003. 
The possible sources of change in X are C, k and , and X varies as C. /. 
The change in & must be in the same ratio as that of log 0. The value 
of y may have been unchanged or may have been doubled by the sub- 
stitution of the monovalent Na for the divalent Ca. On removal of 
calcium then these two factors acting alone would reduce the value of X 

003 1 


either in the ratio > or in the ratio g x, 4.¢. would reduce A 


1 Keith Lucas, This Journal, XXVII. p. 472. 1908. 
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to +5 or xy of its former value, making it 2˙1 or 105. From the values 
given above it may be seen that (which was determined directly in 
each case) has fallen only to 8. This must be due to an increase of the 
only other constant which can have altered x, namely C. 

I see no escape from this conclusion that the value of C has been 
increased by the removal of calcium. The only possible supposition by 
which the high value of in the absence of calcium could be explained 
apart from the alteration of O is that the observed value of X is wrong. 
It might be supposed that, since the X in the absence of calcium is ob- 
tained at a much longer current-duration than in the case when calcium 
is present, there has been in the former case some interference of the 
disturbing factor which causes the inefficiency of slowly increasing 
currents. Such interference might indeed make the observed value of 
X too high. But it can easily be shown that this supposition cannot 
explain the increase of x from 2, its value calculated on the assumption 
that the change of & is the only change, to 8 its observed value. For 
if we assume X = 2 and take the observed value log @ = 0034 then the 
calculated values of i for the short times 0076 sec. to 050 sec. are hope- 
lessly at variance with the observed values. For example if we take 


2 
7 995 (992) 


which gives the correct value of i for 0076 sec., we obtain for 032 sec. 
«= 88, and for 050 sec. i = 6°1, the observed values of i for these times 
being 20 and 17 respectively, If 2 were the real value of A, then at the 
short times the values of i calculated on x= 2 ought to be correct, since 
the interference postulated to explain the observed value of X could 
come in only at very long times such as that actually used in the ex- 
perimental determination of i. 

The same effect can be observed in the other experiment of the 
same sort published by Mines. In the first set of observations in 
NaCl 06 per cent. CaCl, 01 per cent. X= 19, log @= 016. When 
NaCl 0°7 per cent. without calcium is used x = 8 and log 9 = 004. If the 
change of & had been the only change effected, x should have fallen to 48 
instead of 8. If „ were also doubled X should have fallen to 24. So 
again O must have been increased. : : 

The increase of O on removal of calcium is of some significance. It 
is well known that the removal of calcium leads a muscle-fibre to exhibit 


1 Thid. p. 489. 
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spontaneous excitation. Mines has given experimental evidence that 
such spontaneous excitation occurs in the muscle-fibres themselves. 
The fact that the change of conditions which leads to spontaneous 
excitation actually renders the propagated disturbance less easy of 
initiation by the altered concentration of ions which constitutes the local 
excitatory disturbance suggests that we may attribute the spontaneity 
to the one factor which is observed to be changed in the direction of 
greater ease of excitation, namely to the reduction of X by the decrease 
of k and the possible increase of . Of the constants * and y by far the 
greater effect must be attributed to k, the effect of whose change on 
tlie value Of 2, is ‘at leant five times as great'es that of the possible 
change in . 

In this way we arrive at the conclusion that spontaneous excitation 
may be largely conditioned by the fact that the rate of dissipation of 
the concentration differences by diffusion is very much reduced, so that 
any small differences which may arise are not at once abolished, but 
add up to the requisite value for initiating the propagated disturbance. 
It is of interest in this connexion that, as I shall show in the next 
section, the rate of diffusion is much less in the cardiac than in the 
skeletal muscle of the frog. 


II. THE COMPARISON OF DIFFERENT EXCITABLE TISSUES 
UNDER LIKE CONDITIONS. 


I have pointed out above that /a gives a measure of the rate of 
diffusion of the ions concerned in excitation. Since 0 = we shall 
obtain values proportional to h/“ if we take log 6. I shall therefore 
use log @ in all the comparisons which I have to make. I have tabu- 
lated below the values of log @ for a number of different tissues on 
which I have previously made observations. 

It will be observed from the values given for the different tissues of 
the toad that the nerve fibres, whether the fibres in the sciatic which lead 
to the gastrocnemius, or the intramuscular fibres of the sartorius, give 
values which range about ‘3 with not very wide divergence. For the 
muscle fibres of the sartorius the mean value is about 07, and for the 
substance 8” of the myoneural junction it is about 2. The values for 
the different tissues do not overlap, though the extreme cases of nerve 

and muscle fibres come very close one to another. 


Mines. This Journal, XXVII. p. 408. 1908. 
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Antmal Tissue log @ Reference to exp. 
‘Toad Motor nerve to gastrocnemius — 12 J. P. xxxv. p. 820, Exp. 3 
” * — 84 ” p. $21, Exp. 4 
Intramuscular nerve of sartorius 28 J. P. xxxvi, p. 182, Exp. 4 
” . oo” ~ 87 ” p. 188, Exp. 5 
” ” — "54 ” p. 188, Exp. 6 
Muscle fibre of sartorius — 11 ‘3 p. 182, Exp. 1 
” ” — 074 ” p. 182, Exp. 2 
” ” — 058 ” p. 182, Exp. 3 
” ” — 061 57 p. 188, Exp. 6 
” ” — 027 9 p. 138, Exp. 7 
” ” - 071 ” ; p. 184, Exp. 12 
„(after curare “03 — 059 p. 185, Exp. 15 
Substance g of sartorius -13 p. 188, Exp. 10 
” ” —2˙4 ” p. 184, Exp. 11 
” -28 ” p. 184, Exp. 12 
Frog Intramuscular nerve ofsartorius — 83 - p- 185, Exp. 17 
Muscle fibre of sartorius — 063 : * p. 115, Exp. a 
Substance § of sartorius -18 80 p. 185, Exp. 18 
Ventricular muscle fibre ~ 00030 J. P. . p. 471, Exp. 14 
” ” ~ 00065 ” p. 471, Exp. 15 


For the frog the number of observations is far smaller, but the 
values are obviously of the same order in each case. If we compare 
with these the ventricular muscle of the frog we encounter values which 
are much smaller than those of the other tissues. We may then, bear- 
ing in mind that the values of log @ are proportional to /, arrange 
these tissues in order of rapidity of diffusion of ions as follows: 

Substance g of sartorius 5 2 
Nerve fibre to sartorius or eee. 03 
Muscle fibre of sartorius.. 007 
Ventricular musole 00005 


The values are clearly to be regarded only as a first approximation 
indicative of the order. It is evident however that the order is that 
found from the current-durations at which the current-strength reaches 
its smallest value, where the approximate figures are for the frog under 
like conditions : 


Substance Bofsartorius...  ... 00009 sec. 
Nerve fibre to gestrocnemin or eins 0˙003 sec. 
Muscle fibre of sartorius . ies 526 002 sec. 
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We have then in these numbers proportional to k/a* a method of 
characterising the excitatory process of different excitable tissues which 
is obviously better than any previously used, since it not only gives a 
sharp distinction, but also is expressed in terms of what we are led to 
recognise as the basis of the time factor in excitation, namely the rate 
of diffusion of the ions. 

I hesitate to give in this paper values of log @ from the experiments 
of other observers, since I do not know the conditions of immersing 
fluid under which the observations were made. But it may just be 
noted that Lapicque’s observations on the motor nerve-fibres to the 
gastrocnemius of Rana esculenta (Journ. de Physiol. 1x. p. 629. 1907) 
give log @= —°42, which is fairly close to my results obtained from 
Rana temporaria ; while as an example of a slow tissue, the mantle of 
aplysia (Lapicque, Journ. de Physiol. x. p. 615. 1908) gives 
log @ = 0003, which is of the same order as my results from the ven- 
tricular muscle of the frog. | 

It should be observed, for the guidance of future observers, that if 
is determined experimentally two values (fairly wide apart) of i with 
different values of ¢ give all the requisites for determining log 6, whereas 
if x is not determined even a very large number of values of i at different 
values of ¢ will give log @ only after a laborious series of trials. 


The constants which determine the rate of diffusion. 


The determinations of the value of log @ given in previous parts of 
this paper lead to certain inferences with regard to the constants on 
which that value depends. It was pointed out above that of the con- 
stants involved in log @ only & and a can change. And we saw that 
log @ varies as */. 

Between the substance § of the frog’s sartorius and the ventricular 
muscle-fibre of the same animal k/a* changes in the ratio 4000: 1. If 
the ions concerned in the excitatory process were simple ions such as 
H, Ca, Na, Cl and so forth it is clear that the possible variations of k 
would not come near to accounting for this wide variation of / The 
velocities of such ions differ in the ratio 10:1 at the most. If then 
such simple ions were concerned it would be necessary to suppose that 
there were considerable changes in the value of a between one tissue 
and another, 

On turning to the experiments on temperature change, in which it 
is obvious that d cannot have been altered during an experiment, we 
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find that for a rise of temperature of 8° C. k/a*, and consequently &, has 
changed in the ratio 43 : 67, or in other words has increased about 50°/,. 
Over a similar range of temperature I have found in other experiments 
increases as large as 120°/, and 150% In fact the actual example 
worked out in this paper gives an increase which is smaller than that 
usually encountered. But even this is much greater than that which 
would result from the change of velocity of a simple i ion by the same 
change of temperature. The velocity of an ion is increased about 
2˙5 per cent. for a rise of 1°C., so that we should expect for a rise of 
8° C. an increase of 20 per cent. Similar remarks apply to the case of 
substitution of NaCl for CaCl, The observed change in k in this case 
is of the order of 1:10. The velocities of Na and Ca are approximately 
44 : 53. 

It is clear from this brief examination that k does change much more 
widely than would be expected on the supposition that simple ions are 
being concentrated by the exciting current. There is an obvious need 
for future work on this point. There can be no use in discussing the 
matter any further until more experimental evidence is available. 


SUMMARY. 


Hill has given to Nernst’s physical theory of excitation a less 
limited form by the rejection of the assumption that the membranes 
at which ions of opposite sign are concentrated may be regarded as 
infinitely distant one from the other. Under these conditions the 
mathematical reasoning leads to a new equation relating the duration 
of an exciting current to its least strength. 

This equation satisfies the experimental observations of the relation 
between current-strength and current-duration either on Nernst’s 
original hypothesis, that excitation occurs when a certain definite con- 
centration of ions is reached at one membrane, or on either of the 
modifications of this hypothesis recently put forward by Lapicque. It 

seems therefore to be applicable to the analysis of experimental results. 
: In the present paper this equation is applied to the analysis of the 
observed differences between the excitatory processes of different exci- 
table tissues and to the analysis of the changes of excitability effected 
by various alterations of conditions. 

It is shown that according to this equation the characteristic time- 
factor in excitation is determined, as I had previously suggested on 
experimental grounds, by the rate of diffusion of the ions concerned. 
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The factors which condition this rate are the diffusion constant of the 
ion concerned, and the distance between the membranes. 

Application of this method of analysis to the case of fall of tem- 
perature affords an explanation of the paradoxical effects first observed 
by Gotch and Macdonald. The increase of excitability towards 
currents of long duration and the simultaneous decrease towards currents 
of short duration are conditioned by two opposed changes in the tissue. 
On the one hand the fall of temperature causes a greater ease of pro- 
duction of the concentration of ions owing to the slower rate of diffusion ; 
at the same time the initiation of the propagated disturbance by this con- 
centration is rendered more difficult. The former of these effects reduces 
the current required for excitation in a ratio which is greater the greater 
the duration of the current. The latter increases the current required 
in the same ratio for all durations. If then the change of temperature 
used is such that the two opposed effects are exactly balanced at a 
certain medium duration of current, it follows that for longer currents 
the net result will be to reduce the current required for excitation, for 
shorter currents the net result will be to increase the current required. 
In this way the current required to excite becomes less at long dura- 
tions and greater at short durations when the tissue is cooled. 

Similar analysis of the changes of excitability effected by the 
removal of calcium from the fluid bathing a muscle shows that the 
spontaneous excitation associated with the removal of calcium is accom- 
panied by a great increase in the ease of production of the concentration 
of ions and a simultaneous decrease in the ease of production of the 
propagated disturbance. The former effect is brought about mainly by 
a slowing in the rate of diffusion of the ions. In so far then as auto- 
matic excitation is due to an increased excitability it must be attributed 
to a slowing of the rate at which any concentration differences which 
may arise are abolished by opposed diffusion. In this connexion it 
should be observed that the diffusion rate is found to be very greatly 
slower in cardiac muscle than in skeletal muscle. 

A comparison of different excitable tissues by the same method 
shows that the diffusion rates found for the different tissues range over 
values far more widely divergent than would be expected on the assump- 
tion that the only factor which changes this rate between tissue and tissue 
is the occurrence of different ions having different diffusion constants. 
Two alternative explanations of this fact present themselves. Either 
the diffusion rate is made to vary also by a variation of the distance 
between the membranes in the different tissues, or else the charged 
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bodies which are concentrated by the exciting current are such as may 
present diffusion constants ranging over vastly wider variations than 
those encountered among the simple ions. In favour of the latter 
alternative is the observed fact that in the case of change of temperature, 
where the question of change of distance between the membranes can- 
not come in, the change of rate of diffusion is much greater than that 
which can be accounted for by the known change in the rate of diffusion 
of ions brought about by the same change of temperature. 
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THE DELAY OF THE ELECTRICAL RESPONSE OF 
NERVE TO A SECOND STIMULUS. By FRANCIS 
GOTOH. D.So, M.A. (Oxon.), F.RS. 


(Physiological Laboratory, Oxford.) 


In a recent paper Keith Lucas has described some peculiarities of 
the time relations of the electrical response of the sartorius muscle to a 
second direct stimulus’, These comprise a modification in the time of 
commencement of the second response when evoked by: a stimulus 
occurring at certain intervals after its predecessor; this time, according 
to the observations which he has set forth, may be greatly delayed and 
the second response appears to commence after this prolonged delay at 
the same moment even when the actual moment of stimulation is 
shifted through a considerable range of time, It thus appears that in 
the sartorius muscle the true refractory period is succeeded by one in 
which the development of the response is latent or at any rate masked 
and the term “irresponsive period” is suggested for the whole of the 
two periods. 

My own work in association with Burch on the refractory period in 
nerve is so directly related to this new feature of the muscular response 
to a second stimulus that it seemed inevitable to ascertain how far the 
conclusions arrived at by Keith Lucas were supported by observations 
upon nerve“. In this connexion two points seemed especially to demand 
reinvestigation. First the detailed comparison of the delay of the 
second electrical response with that of the first response of isolated 
nerve; and secondly the more extended examination of the time 
relations of the electrical response of nerve to a second stimulus. 

I possess a large number of records obtained, with the cooperation 
of G. J. Burch, by photographing the movements of my sensitive 
electrometer and among these are many which are suitable for affording 
information on these two points. These have now been re-examined 


This Journal, xxxrx. p. 831. 1909. * Ibid, xxxv. p. 410. 1899. 
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and carefully analysed; the analyses show that the conclusions drawn 
by Keith Lucas in regard to muscle are only partially true of nerve, 
whilst various other points of some interest are brought out. 

The records which have been now subjected to analysis, were 
obtained by the method described in my previous papers on the elec- 
trical response of nerve; they need not therefore be again described in 
any detail’, A few special features of the method must however be 
referred to. | 

It is essential that all the nerves used for the experiments should be as 

far as practicable in the same physiological state as regards (a) injury 
and (6) temperature. (a) In order to avoid changes due to local injury 
the nerve was in all cases one which had been treated in the same way ; 
the sciatic of large R. temporaria was prepared throughout its whole 
length, excised and kept for 12 hours in appropriate Ringer’s fluid 
(saline)? all demarcation effects due to cut sections having now sub- 
sided such a nerve reacted to any single stimulus by a markedly diphasic 
response. (6) All my records show the great importance of maintaining, 
as far as practicable, uniformity of temperature. For this purpose the 
nerve was placed in a special experimental chamber kept at a constant 
temperature by the flow of water; thermo-electric junctions were fixed 
alongside the nerve in order that any change in the temperature of the 
environment might be readily detected and controlled. 
s regards the actual experiment, the following details may be 
shortly enumerated. The exciting electrodes were always situated at 
the plexus end of the nerve, the nearest electrometer contact was placed 
at a distance from the exciting electrodes of 20 to 25 mms. and the two 
electrometer contacts were 12 to 15 mms. apart. (The few exceptions 
to this arrangement made for special reasons are noted further on in 
the text.) 

The excitations employed were in all cases two break induced 
currents of very short duration obtained by using small induction coils, 
the primary of which contained no core; the intensity of the break 
shocks was, in regard to both stimuli, one which previous experience 
had shown to be adequate to evoke a maximal nerve response. The 
two shocks were produced by the successive opening of keys, one in the 
primary circuit of each small coil; this was effected by the pendulum 
which carried the photographic plate and the time between the two 
openings could be adjusted within very narrow limits. The moment of 
the passage of both of these induced currents (moment of excitation) 

1 This Journal, xxrv. p. 410. 1899; ibid. XXVII. p. 82 and p. 3965. 1902. 
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was marked on the plate by contriving that a very small escape should 
affect the electrometer. 

The records, when suitably magnified, were sufficiently defined to 
allow the time relations of the two responses to be determined with 
very considerable accuracy, and the curves were all analysed in the 
usual manner. 

A considerable number of records in my possession do not fulfil all 
the above requirements, either the temperature was not constant or the 
curves themselves were not completely diphasic, or the exciting arrange- 
ment was inadequate, or the definition of the photographed record was 
not sharp enough for precise analysis. 

I have therefore carefully selected records which, as far as possible, 
do fulfil all these requirements. In considering the results derived 
from the study of these records, it seemed desirable to deal (i) with 
the question of the increased delay of the second response, tii) with 


the modified character of the second response, and (iii) with the 


conditions which seem to determine both these alterations. Since 
the alterations in delay and character are greatly affected by tempera- 
ture, this condition forms a very important feature of the whole 
investigation. 


I. Comparison of the delay in the first and the second responses. 

The analysis of a number of records of nerve responses, taken at 
different temperatures, shows that when a second stimulus occurs after 
the close of the refractory period the response which it evokes has a 
delay which becomes more protracted in proportion as the moment of 
the second stimulus approaches the end of this refractory period. The 
duration of the refractory period, as well as that of the whole response, 
is prolonged by cooling and shortened by warming, the nerve response 
being in this respect extremely susceptible to even slight change of 
temperature, It is thus necessary to place the results in groups each 


group comprising examples of records which were obtained at a given 


temperature. These groups are set forth in the subjoined table, the 
various columns of which furnish the following particulars. (1) The 
interval between the first and the second stimulus; (2) the interval 
between the first stimulus and the second response; (3) the delay of the 


first response; (4) the delay of the second response; and (5) the com- 


parison between the delay of the second and first responses, expressed 


ent Second response delay 
as the quotient: 5 ae delay.” The duration of the period 
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Group 8° C. 


0°0165 


0-0160 
0°0155 
0°0150 
0°0150 


Grour B. Temperature 4° C. 


0°0135 


00120 
0°0135 
0°0135 
0°0135 


00135 


Grove C. Temperature 44° C. 


0-0135 


0°0125 
00125 
0-0110 
0-0110 
0°0120 


00110 


0»˙0015 


0°0015 
0-0015 
0°0015 
0-0015 


00010 


00010 
00015 
0-0015 
0»0015 


0 0015 


0-0015 


00015 
00015 
00015 
0°0015 
0°0015 


00015 


(4) 


li 


00015 
0-0020 


0°0025 
0-0030 
0-0040 


(5) 


Grour D. Temperature 5° C. (Refractory period = 006 secs.) 


0-0115 


00140 
00100 


00140 


0•0110 
0-0110 


Grove E. Temperature 8° C. 


00100 


00088 
0-0080 
0:0080 
0-0075 
00070 


0-0010 


0˙0010 


0-0008 
0°0010 


0-0010 
0-0008 


00007. 00015 
00020 00040 
00010 00020 
00020 00060 
00008 00080 
00007 00030 


83 
AE Number of record, etc. 

(Refractory period =-0075 secs.) 

2nd delay 21 

1st delay (963) 
$e 219 1... — (0964) 
217 same preparation (965) 
” =2 see eee eee (966) 
” (967) 
(Refractory period =-007 

2nd delay 

id (1072 
” =2 — (1071) 
996) 
„ (997) 
(Refractory period = 007 secs.) 

2nd delay _ 

— den (1068) 
„ 217 (1064) 
* =1°7 (1016) 
” =2 (1015) 
=2 (1187) 
” 227 (1125) 
„ 

2nd de Leads 10 

same preparation 
” from — (1057) 
„ 
» 
„ — (2090) 
Leads 

from (1060) 
(Refractory period = 0035 secs.) 

and delay 2 a (999) 

Ist de preparatio 
„ (1021) 
” =8 8228 225 (1022) 
„ „ 
(1011) 


— 
0°0150 — — 
0»0140 
0°0130 
0-0120 
0-0110 
0•0125 11 00010 
0-0100 0-0020 
00100 0-0035 — 
00100 0-0035 
0-0090 0-0045 
00120 0 0015 
0°0100 0-0025 
00100 0-0025 
0-0080 0-0030 4 
0-0080 0-0030 
0-0080 0-0040 
00070 ä 00040 
00100 
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Group F. Temperature 12 C. (Refractory period = 002 secs.) 


of complete inexcitability (refractory period) is given at the head of each 

u 

it will be observed that in all the groups the value of the quotient 
varies from unity (equality of the two delays) to such numbers as 1°6, 
2˙5, 2°7, 3°7, 43, indicating that the delay of the second response may 
under certain conditions be increased so as to be three to four times 
as long as that of the first response. 

It will also be observed that this increased delay of the second 
response is augmented in all cases, in proportion as the second stimulus 
occurs at an earlier moment, in other words, the delay of the second 
response increases when the stimulus, which evokes such response, 
approaches the limit of the refractory period associated with a preceding 

nse. 

The actual increase of delay when the second stimulus occurs at any 
given time after the first stimulus (say 008“) must obviously be very 
dependent on the temperature of the nerve, since cooling prolongs 
the refractory period of the first response whilst warming shortens this 
period. Hence at a low temperature the second stimulus, occurring at, 
say, 008“ after the first, will be near the limit of the refractory period 
and the second response will now show a long extra delay, whilst if the 
temperature is slightly raised this time of stimulation will be farther 
from the limit of the refractory period and the extra delay of the 
second response will be less protracted. 

The various groups given in the table afford convincing proof of this 
obvious relationship; these groups display examples of delay measure- 
ments in records obtained from nerves at temperatures of 3°C., 4°C., 
44° C., 5°C., 8˙ C. and 12° C. respectively. 

Au interesting point is the total range of time within the limits of 
which a second stimulus evokes a second response showing an increased 
period of delay. The results are not fully representative of this range 
but it appears that from the one limit (that near the refractory period 
termination) to the other limit (that where no further increase in delay 
is perceptible) there is with temperatures below 12°C., a range in 
these nerves of about ,,;”. Within this the second stimulus may be 
moved about and its response shows an increased delay now more and 
now less depending on its position. A somewhat surprising result 
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suggested by the measurements is the approximately similar extent of 
this range under varying conditions of temperature. It seems to 
remain nearly the same between 3°C. and 8°C., the change being 
confined to its shifting nearer the first stimulus in the case of rise of 


temperature and further 
from this in the case of fall 
of temperature. There is 
however a marked restric- 
tion of the range at 12°C., 
which is now reduced to 


In Fig. 1 this range is 
displayed graphically by 
plotted curves, the ordi- 
nates of which represent 
the interval of time be- 
tween the two stimuli 
whilst the abscissa re- 
present the increased delay 
of the second response in 
excess of the delay of the 
first response. The curves 
are somewhat incomplete 
especially as regards the 
higher temperatures, but 
they show the general in- 
fluence of various tem- 
peratures. It will be noted 
that the commencement 
of each curve on the left 
hand ordinate marked 0, 
corresponds with the far 
limit of the second stimulus 
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Fig. 1. Plotted curves, the ordinates representing the 

absolute time interval between the two stimuli, 

the abscisse representing the increase in the delay 

of the electrical response of nerve to a second 

stimulus as compared with that of the response to 

the first stimulus. The different lines indicate the 

range within which this increase appears with 
nerves at different temperatures. 


when no excess in delay could be observed; this point varies from 015“ 
in nerve at 3°C.. to 007” in nerve at 12°C. It will also be observed 
that the curves of increasing delay are sharper in the case of warmed 
than in that of cooled nerve, indicating that the excess of delay, with 
any given shift of the second stimulus from the far limit, is more 
marked in cooled than it is in warmed nerve. This is conspicuously 


the case at 12°C. 
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Il. The characters of the second response. 


In order to ascertain the characteristic features of the second 
response, it is necessary to examine completely analysed curves. 

Such analyses show the commencement, development and subsidence 
of diphasic changes of k. M. . and these will obviously vary with the 
temperature of the nerve. They are best displayed by constructing, 
from the data given by the analyses, curves representing the k M. r. 
values of the whole of any given record, and thus comprising both the 
first and the second response. In this way not only will the features of 
the second response be graphically displayed, but the characteristics of 
this may be compared with those of its predecessor. 


4 


0 oz" 

Fig. 2 Two plotted curves of the analysed u.. 7. amounts as given in electrometer 
records. The nerve was at 4° C.; the proximal electrometer contact was 25 mms. from 
the seat of the exciting electrodes, the distal electrometer contact was 12 mms. from 
the proximal one. Each curve is the total x. u. r. change to two successive stimuli. 
The first stimulus at the ordinate marked 0, evoked similar diphasic responses. The 


second stimulus at 0-08” after the first evoked the response marked a, when at 010“ 
after the first the response marked b. | 


The special points to which attention may be directed are the 
‘moment of start, the moment of completed development, the moment 
of iso-electrical state and the moment at which the whole effect has 
terminated. | 
In Fig. 2, two sets of such analysed records are set forth, one set 
being evoked by excitations at 0 and at 008“ (the point marked a), 
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the other set by excitations at 0 and at 0010“ (the point marked b). 
The nerve was kept at 4°C, and in each case the response to both 
excitations is obviously diphasic but it will be observed that whilst the 
second response in both attains a smaller E. M.. than that of its 
predecessor, this is more markedly the case with the excitation at 008” 
than with the excitation at -010”. 

The increased delay of both second responses to the stimuli which 
evoked them is conspicuotis, being from two to three times as great as 
that of the response to the first excitation. 

There are several other points of interest. In the first place 
although the stimuli occurred at different points the second response to 
both (a) and (6) commenced in this case at the same moment. So far, 
therefore, this supports the facts observed by Keith Lucas in the 
sartorius muscle, 

Another point is that the moment of start and that of the commence- 
ment of return (the points on the curves marked a and b), are 
practically identical in the two curves, as are also the moment of E. M. v. 
equality (the crossing of the zero line) and the moment of termination. 
Now since the time from the commencement of the rise to the 
commencement of the return at the points marked d and b (about 
0018”) is that occupied by the propagation of the excitatory state from 
the part of the nerve under the proximal electrometer contact to the 
part under the distal contact, it is clear that this propagation is the 
same, for both these second responses. A still more suggestive fact is 
the circumstance that this total time of rise (and thus rate of 
propagation) in the first response is only very little shorter (0015”). 
It thus follows that the marked increase in the delay of the second 
responses at this temperature is associated but slightly with changes 
retarding the rate of the nerve propagation in the region where 
the nerve is connected with the electrometer contacts, hence it must 
be especially related to changes outside this region, presumably nearer 
to the seat of excitation. 

Although this pair of experiments supports the conclusion arrived 
at by Keith Lucas in reference to muscle (viz, that the second 
responses commence at the same moment even when the stimuli 
evoking them are at different intervals), it does not appear that as 
regards this point the nerve records are concordant. 

As a matter of fact the results displayed in Fig. 2 are exceptional. 
A reference to the Table on p. 253, will show that even at 3°C 
(Group A) the interval between the first stimulus and the commence- 
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ment of the second response given in column (2) is not the same in all 
cases, varying from 0150“ to 0165”. This discrepancy becomes more 
and more marked as the temperature rises and thus the extension of 
the conclusion of Lucas from muscle to nerve is, according to my 
results, unjustifiable. 

In order to bring this out I have displayed graphically the analysis 
of various double responses with the nerve at higher temperatures. In 
Fig. 3, three sets of double responses to two successive stimuli are set 
forth in a nerve at 44°C. The second responses are marked (a), (6) 
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3 0 Ol 
Fig. 3. Plotted curves showing the analysis into terms of u. u.. amounts of three 
electrometer records. In each the same nerve was excited by two stimuli, the second 
stimulas occurring 007“, 008“ and 010“ respectively. The first response was slightly 
different in one of the records and is indicated by the dotted line. The second 


responses a, b and e were evoked by the stimuli at the points of the zero line marked 
a, b and e respectively. The temperature of the nerve was 44° C. 


and (o) respectively and it is obvious that response (a) commences 
much later than response (b) or response (e) although the delay of 
(b) and (e) is greater than the delay of (a) 

In a nerve at 87 C., this feature becomes still more pronounced. 
The analysed curves of the double responses are set out in Fig. 4. In 
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this case the three second responses marked (a), (b) and (c) were 
evoked by stimuli at the points on the zero line marked (a), (b) and (c) 
respectively ; each second response begins at a separate moment. 

The Mr. reached is least in (a) and greatest in (o) but the time 
from the commencement of the rise to the beginning of the return is 
practically the same in all cases, being a little less than 001”. 
Propagation time between the electrometer contacts thus remains little 
altered although the delay of the second responses, as reckoned from 
the moment af the second stimulus, is nearly twice as great for 
response (a) as for response (c). 
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Fig. 4. Plotted curves representing analyses in terms of k. u. r. amount of electrometer 

records obtained when a nerve was excited by two successive stimuli. Three such sets 

of responses shown as curves; the response to the first stimulus was practically 

identical in all cases. The responses to the second stimuli vary with the time at which 
this was applied. The nerve was kept at 8° C. 


In a previous paper I have set forth plotted curves showing the 
time relations of the response to two stimuli, when the nerve was kept 
at 12°C The conclusions which I have now drawn from these, and 


1 This Journal, XXVIII. p. 47. 1902. 
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from other records at this temperature, are of sufficient importance to 
warrant the reinvestigation of the curves. In order to satisfy myself that 
the curves were correct I have carefully re-analysed them and display 
in Fig. 5 the features of such records as bear upon the present inquiry. 


‘av. 
“OV / 


0 "005" “Ol 

Fig. 5. Plotted curves of analyses of records obtained by exciting nerve with two 
stimuli. The nerve was kept at 12° C. and the second stimulus occurred at intervals 
of 0027“, 0035“ and 0045“ after the first. The second responses commence during 
the positive phase of the first response at the points marked a’, b’ and c respectively. 


The time when the second stimulus was applied is indicated on the zero line by the 
marks labelled (a), (b) and (e). 


The repetition of the analysis was the more necessaryas the starting points 
of the second response now occur during the second positive phase of the 
first one, hence they are more difficult to follow with precision. The 
original analyses were carried out by Mr Burch, and my own, now done 
independently, confirm with slight modifications the previous ones. It 
will be noted in Fig. 5 that the nerve gave a very marked first response 
and that the second responses were evoked by stimuli at the points on 
the zero line marked (a), (b) and (e), that is, at a period after the first 
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stimulus of 0027”, 0035” and 0045” respectively. Each of the second 
responses evoked by these, marked in the figure as a, b and c, commences 
at the points marked a’, & and , The extra delay of the response to 
the earliest second stimulus at (a) is greater than that to the latest 
of the trio at (c), but the increase is much less than in the previous 
examples obtained at lower temperatures. | 

In regard to the time relations of the second responses, it is evident 
that the time between the commencement of the second responses at 
the points marked a’ and J’, and the completion of the rise at a and b, is 
longer than the time of rise of the curve indicating the first response. 
Moreover the time of rise from a’ to a, is longer than that from ö to b, 
and a fortiori than that from o toc. The time of rise from c toc is 
nearly the same as that of the curve of the first response. Propagation 
under the electrometer contacts is therefore more evidently slowed in 
the case of these second responses and a discrepancy between these 
results and the ones at lower temperatures is thus apparent. 

All the preceding results show that the commencement of the second 
response in nerve is not so delayed as to always occur at the same fixed 
moment as described by Keith Lucas in the sartorius muscle; there 
is, however, one element common to both the muscle and the nerve, and 
that is the increase in the delay of the second response which is 
augmented in proportion as the second stimulus approaches the first 
one. This is a remarkable modification of functional activity and its 
possible causation will now be considered. | : 


III. Consideration of the causation of the increased delay. 


There are many grounds for the belief that increased delay in nerve 
activity is very largely caused by retarded propagation. The large 
increase, in the delay of the second response of cooled nerve cannot, how- 
ever, be attributed to a retarded propagation in the part of the nerve 
connected with the electrometer electrodes. It has been already 
pointed out that the time relations of the development and sudden 
reversal of the first phase of the second response appear to be nearly 
the same as those of similar events in the first response. These would 
inevitably be much more prolonged in the second response if the 
propagation between the two contacts were retarded. No such pro- 
longation is a marked characteristic in cooled nerve; it is therefore 
probable that as far as propagation is concerned, the seat of the 


- 7 : 
— 
= 
y 
. 
j 
4 
‘ 
7 
A 
2 
te 


262 F. GOTOH. 


modification which causes the increased delay must be in the region 
nearer the excitation. 

In the Table previously given on p. 253, there are a few examples of 
nerves in which the proximal electrometer contact was shifted 15 mms. 
nearer to the seat of excitation. These examples will be found under 
Group D, the nerve being at 5 C. 

It will be noted that in the first two examples, with the second 
stimulus at some distance from the first, 010”, the extra delay was the 
same whether the electrometer leads were 10 mms. or 25 mms. from the 
seat of excitation. With the second stimulus at 0080“ however, the 
leads being only 8 mms, from the seat of excitation, the delay of the 
second response was more than four times that of the first as compared 
with three times that of the first response when the leads were 25 mms. 
from the seat of excitation. ö 3 

This suggests the possibility that the increased delay of the second 
response may in cooled nerve be in large measure due to an altered 
propagation rate at or near the seat of excitation. This part of the 
nerve has been subjected to the disturbing effect of a previous exciting 
induction current and may thus have its functional capacity locally 
_ lowered by stimulation fatigue phenomena. 

This possibility is rendered more probable by observations upon the 
effect of a frequent repetition of exciting induced currents. That such 
frequent repetition of electrical stimuli will cause local modifications in 
nerve activities, including retarded propagation, is shown by the 
following experiments. 

If the nerve is excited at some one spot by a single test stimulus, 
and this is followed, after a brief interval, by a short series of exciting 
induced currents applied at the same place, then, on exciting again with 
the single test stimulus the response of the nerve is undoubtedly 
modified. The modification displays the following characteristics; to 
begin with, the period of delay of the response is lengthened; after 
longer faradisation the duration of the response is prolonged and, 
finally, the intensity of the response is diminished. These modifications 
thus come on gradually, the increased delay being the most easily 
produced. All the modifications pass away more or less completely after 
some minutes. 

In Fig. 6, examples are given of two analysed records, one of these, 
marked a, is that of a response to a single stimulus before the applica- 
tion of the interrupted current, the other, marked b, is the response to a 
single stimulus taken a few seconds after the cessation of the interrupted 
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phase of b is diminished. 
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It was applied for 5 minutes. 


These modifications of activity become more and more pronounced 
if the electrometer contacts are moved nearer to the seat of this 
faradisation. In some cases there was, at first, an extensive prolongation 
in the duration of the whole response combined with only slight decrease 
in the maximum amount of the k. M. F. of the activity change. It is this 
stage of modification which may possibly give rise to the increase in the 
negative variation observed by Waller to be an after-effect of faradisa- 
tion for 5 mins, when the nerve is examined galvanometrically, since 
the prolonged duration of each individual response to the test which he 
employed (short faradisation) would increase the galvanometric indication 


of a negative variation’. 


PH. XL. 


} Phil. Trans. 188 U, p. 49. 1897. 
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Fig. 6. Two plotted analyses of records obtained with single stimuli, that of a being 
before and that of b being immediately after the application of an interrupted current 
to the seat of the stimulus. The interrupted current was obtained by a vibrator 
giving 100 stimuli per 1”, arranged to act as Helmholtz side wire in the primary coil. 


C. and the interrupted current (100 
minutes. It will be noted that both 
respects, the period of delay of 
onged and the intensity of the first 
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When the faradisation has been either intense or of long duration 
(for instance 10 to 15 minutes of stimulation by 100 stimuli per 
second) then there was a very marked diminution in the Emr, of 
the single response associated with a very marked prolongation in the 
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10 

Fig. 7. Plotted curves obtained by analysing electrometer records. Each curve shows 
the electrical response to a single stimulus. The curve marked a is the normal 
diphasic response, those marked b and c, were responses to single stimuli occurring at 
the point marked 0, after previous faradisation of the nerve at the seat of application 
of the single stimulus, The faradisation by 100 stimuli per second (Helmholtz side 
wire) was of 10 minutes duration; the response disappeared immediately afterwards 


but came back slowly in modified form, the response (e) appearing before that of (b). 
Temp. 8 C. 


period of delay. An example of this is given in Fig. 7; the curve (a) 
representing the normal response and the curves (6) and (o) those of 
responses obtained to a single stimulus, several minutes after cessation 
of the faradisation, (o) first and later (5). 

All the above modifications were very conspicuous if ordinary faradi- 
sation with strong break shocks was employed for the frequently 
repeated stimulation, but, as the figures show, they were quite obvious 
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if the repeated stimulation was that of approximately equal and 


oppositely directed induced currents (Helmholtz side wire), provided 
that the seat of the stimuli was the same both for the repeated and the 
single test excitations. 

Similar modifications of a slighter and more transient kind occurred 
if the seat of the stimulus employed for evoking the single response was 
no longer identical with that of interrupted current but a few milli- 


metres on the distal side of it. If, however, the seat of the stimulus 
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Fig. 8. ne 
separate stimuli applied at the point marked 4 in Fig. 9. The continuous line is the 
response before faradisation at the point marked B in Fig. 9, the dotted line is the 


response after such faradisation. The faradisation (Helmholtz side wire) lasted 
5 minutes. 


for evoking the single response was widely separated from that of the 
interrupted current, then little perceptible modification of delay, etc. 
was observed. An example of this is given in Fig. 8 where the 
interrupted current was applied at the peripheral end of the nerve, and 
a single stimulus at the central end. In the curves given in the figure 
18—2 
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the continuous line shows the character of the response to a single 
stimulus before a period of faradisation lasting 5 minutes, whilst the 
dotted line shows the response after this period. The temperature of 
the nerve was 3°C. It will be observed that the period of delay and 
the general time relations of the first phase of both single responses are 
practically the same. There is in the case of the response succeeding 
the faradisation a diminution in the amount of the second phase, we. 
the nerve activities were depressed under the electrometer contact 
farthest from the seat of the single stimulus; this distal part was that 
which was nearest to the faradising electrodes as will be made clear 
from the plan of the experiment given in Fig. 9. 

It therefore appears very probable that a single induced current may 
modify the nerve activities at or near the seat of its application; such 
modification would, however, be of a transient character and would 
become perceptible only if a second stimulus occurred within a certain 
limited time. It would be the more conspicuous in proportion as the 


A E B 


Fig. 9. Plan of experiments by which the results shown in Fig. 8 and Fig. 10 were 
obtained. The single stimulus was applied at A, the faradisation at B, the electro- 
meter contacts at E. 


second stimulus occurred early after the first one and the modification 
would, when slight, show itself mainly as increased delay, whilst, when 
more intense, there would be a further increase of delay associated with 
a diminution of the Ku. r. of the active change. It will be noted that 
this is the case in regard to the examples of analysed second responses 
given in Figs. 4 and 5. 

It therefore appears extremely probable that one potent factor in the 
causation of the increased delay of the second response is the-“ stimula- 
tion fatigue” of the preceding stimulus; the attributes of the nerve, 
conductivity and functional capacity for change, are depressed in and 
near the seat of the induced current of this previous stimulus. A 
further confirmation of this is shown by some of my records with an 
inadequate first stimulus, these show increased delay in the response 
to the second and only adequate exciting agent. 
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I have however little doubt that such “stimulation fatigue” is not 
the sole factor of the modification. In the first place there is the 
phenomenon of the refractory period associated with a complete in- 
ability to yield a second response within a certain time after the 
commencement of a preceding response. This appears to be little 
affected if instead of the two stimuli occurring at the same situation 
they occur in different places on the nerve; moreover, it is apparently 
absolute since the second response completely fails. It is true that 
I have many instances of such complete inexcitability immediately after 
the “stimulation fatigue” produced by intense or prolonged interrupted 
currents; but the alterations of both refractory period and increased 
delay produced by temperature and in particular the results obtained 
at 12°C., suggest that some other factors are involved. 

Now the factor of “stimulation fatigue” is limited in its operation 
to the neighbourhood of the exciting electrodes, but the refractory total 
inexcitability, being associated with the assumption of the active state, 
must occur all along the nerve, when each part passes into the active 
condition; it is, in short, a feature of the propagated excitatory state. 

Hence if the refractory period (a true fatigue phenomenon) is 
necessarily linked with a succeeding period of diminished conductivity 
this must be transmitted and affect the whole nerve including the 
part lying between the electrometer contacts, All the analyses of 
cooled nerves given in the preceding figures show that the normal 
rate of propagation in the part of the nerve lying between the contacts 
is only very slightly delayed even when, with the second stimulus 
near to the first stimulus, the actual delay of the second response is 
increased very considerably. 

So far it does not appear that observations on cooled nerves with 
two stimuli afford any firm ground for the introduction of transmitted 
“ physiological” factors to account for the increased delay of the 
second response, since this can be explained as due to localised “physical” 
changes affecting nerve conductivity, such changes being one aspect 
of the local impairment of nerve functions which follow the passage 
through the nerve of the stimulating current of the first excitation. 

Other experiments, however, support the view that a transmitted 
physiological factor may be present and if present must be concerned in 
the production of the increased delay of the response to a second 
stimulus. These experiments were of two distinct kinds. 

(1) The influence of prolonged distal faradisation. In order to 
ascertain whether the electrical changes associated with transmitted 
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nerve activities were modified when these activities were evoked a very 
large number of times, the plan of experiment indicated in Fig. 9 was 
resorted to. The observations were originally undertaken in order to 
elucidate the problem whether any evidence of functional fatigue, as 
distinguished from “stimulation fatigue” or impairment, could be 
obtained in normal nerve fibres. The central end, A, of the nerve (see 
Fig. 9) was excited by a single stimulus and the electrical response 
recorded, then the distal end B was excited by a very large number of 
successive stimuli (faradisation). As the muscle was left attached to the 
distal end, its contraction afforded an indication of the efficiency of the 
prolonged faradisation. The faradisation was continued until the muscle, 
through nerve ending fatigue, had completely ceased to respond, the 
stimuli being 100 per second lasting for from 40 to 50 minutes. Im- 
mediately after the cessation of this very prolonged series of stimulating 
shocks the single stimulus was again applied at A (the central end) and 
the electrical response of the nerve to this was recorded. There was no 
muscular twitch evoked by this single stimulus, but the nerve response 
as recorded was quite as large as the normal one. Incidentally therefore 
the experiment is an excellent proof of the relative indefatigability 
of the nerve fibres to the passage along them of nerve impulses since 
these, in very large number, must during the faradisation period have 
been travelling up the nerve. I have, however, now carefully analysed 
numbers of these records and find that the first few of those which were 
taken within a very few minutes after the faradisation had ceased, show 
a modification which must be attributed to the transmitted nerve 
activities. Nerve fibres are thus shown to be susceptible to transient 
functional fatigue, quite independent of stimulation impairment. 

In Fig. 10, an example of two analysed single records obtained under 
these circumstances is shown. 

The curve a in the figure represents the response before the very 
prolonged distal faradisation, whilst curve b shows the response within 
a few seconds of the cessation of this faradisation. It will be observed 
that whilst both responses are diphasic, the second phase of ö is 
diminished. This is evidently due to the local impairment produced 
at and near the seat of the distal faradisation and presents no evidence 
of transmitted fatigue change. The noteworthy point is the increased 
delay of curve b. Now it is improbable that this is due to the 
spread along the whole nerve of the stimulation impairment localised 
primarily in the distal end of the nerve, for if it had been then the 
first phase would show some diminution in intensity or prolongation of 
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duration, but the two first phases are practically identical except as 
regards delay of start. It is thus probable that the increased delay 
must be related to the excessive previous nerve activities and their 
transmission along the nerve trunk, a true physiological causation. 
This view is supported by. the fact that in a very few minutes the 
increased delay was found to have disappeared, although the diminution 
of the second phase persisted for a very considerable time. 


ab 


005 015 
Fig. 10. Two plotted curves, a, b, of electrical response to each of two separate stimuli, 
as in Fig. 8. Prolonged distal faradisation for 50 minutes (Helmholtz side wire) 
between response a and response b. 


() The influence of localised differences of temperature. The nerve 
in these experiments could be cooled for half its length and warmed for 
the remaining half. The experiments were conducted in the double 
temperature chamber described in previous papers“. 

The central part of the nerve with the exciting electrodes was 
situated in one part of the double chamber, the peripheral part with the 
electrometer contacts being situated in the other half. The nerve was 
excited by two stimuli occurring at any desired interval and the delay 
of the first and second response carefully measured. The results of a 
few experiments of this type are given in the Table on p. 270. 

In the first experiment marked (a) both chambers were kept at 5° C.; 
there was with the second stimulus occurring 008“ after the first a 
marked increase in the delay of the second response, this being now 


1 This Journal, xxrv. p. 422. 1899 and xxvitt. p. 52. 1902. 
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three times as long as the delay of the first response. The central half 
of the nerve, which comprised the seat of stimulation, was now raised to 
12° C., whilst the peripheral part to which the electrometer contacts 
were applied was carefully kept at 5°C. The result as shown in the 
second experiment marked (b) was a marked diminution in the amount 
of the increased delay, that of the second response being only about 


Nerve placed in the Double Temperature Chamber. 


(1) (2) (5) 
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0050 
0015 

0010 

12°C. 0080-0090. 600 60 3963 

(% 1 0. 12°C. 0% 00 0006 | 

game nerve. 

0010 

BC. 1 9000 00% 0%%,ft. 50010 

(f) 40. 12°C. 0065 0075 00 0010 = 1-25 


(g) 40. 8 C. 0065 0110 0010 0046 


twice that of the first response. This was of course to be expected, 
since the second stimulus, at 008”, now occurred well beyond the limits 
of the refractory period which in the excited end was shortened by the 
warming. But with the whole nerve at 12° C., as in experiment (d), 
there is no extra delay; hence the excited region cannot give the delay 
in (b) of twice that of the normal. The reverse state of affairs was 
now produced, the central half comprising the seat of stimulation was 
kept at 5 C. and the peripheral half was raised to 12°C. The some- 
what surprising result, set forth in line (c), was that with the second 
stimulus still at 008“ and therefore close after the end of the re- 
fractory period for the excited cooled portion of the nerve, the delay of 
the second response was only one and a quarter times that of the first 
response. Now the refractory period for the central cooled half lasted 
probably for 0065“ whilst the refractory period for the portion of the 
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nerve at 12°C. had a duration of from 002“ to 003” at most; hence the 
second propagated change when it reached the peripheral warmed half 
occurred beyond the limit of the range (005”) within which any 
increased delay is observed. It thus appeared that whilst there must 
have been the greatly increased delay to the second active state in the 
excited cooled half, the second active state on entering the warmed 
half must have been perceptibly hurried up far more than the first 
active state was when it entered the warmed half. If so then this 
extra acceleration of the second response must be related to the time 
relations of transmitted physiological factors. 

At any rate the above experiments show that whichever half of the 
nerve was warmed, the result was the same, namely to diminish the 
inereased delay of the second response, this diminution being most 
marked when the led off portion was warmed. 

In experiments (e), (J) and (g) of the Table the temperature of the 
seat of stimulation was kept low, whilst that of the electrometer contacts 
was raised. The second stimulus was then sent in from 0060” to 
0065“ after the first. With the peripheral portion of the chamber 
containing the part connected to the electrometer, at 12° C., there was 
exactly as in the preceding results only a slight increase in the delay of 
the second response, but when this part of the double chamber was 
brought down to 8° C. an extremely marked increase occurred, the delay 
of the second response being now four times that of the first. Hence it 
is only with the led off part of the nerve at temperatures below 12° C. 
that the great excess of delay is observed. 

These results like the preceding ones suggest that the factors concerned 
in the increased delay of the second response may be of at least two 
types; first, functional impairment localised to the neighbourhood of 
the seat of stimulation and related more or less directly to physico- 
chemical changes produced at or near the seat of stimulation by the 
electrical current flow of the first stimulating induced current ; secondly, 
the more subtle physiological changes associated with previous activity, 
and which, being successively aroused along the nerve axon path, are 
transmitted. These physiological changes are such that a period of 
complete inability to respond by any observable electrical change may 
be succeeded by a period of difficulty in such response, the electrical 
indication being held back until this difficulty has more or less dis- 
appeared. The modification produced by the first type of factor 1s 
localised and is the direct result of external physico-chemical agents, the 
modification produced by the second is not localised but is transmitted 
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and thus occurs along the axon path of successive activity; it is probably 
related to the increasing difficulty in the appropriate rearrangement or 
aggregation of such electrolytes within the axons as form the basis 
of the electrical response. The difficulty is brought about by previous 
excitatory change and is thus true fatigue. 4 

A last general point is the effect of temperature in determining the 
point of time at which a second stimulus commences to evoke a delayed 
response. To what extent can temperature change the physical factor 
and thus the amount and duration of local stimulation fatigue? This is 
a problem which involves the question of the rate of the physico-chemical 
changes produced by current flow and as such cannot be entered upon 
here. There is however ample warrant for assuming that the rate of 
this change is accelerated by rise and retarded by fall of temperature. 
Whether such acceleration and retardation are sufficient to account for 
the greatly increased delay of the second response of cooled nerve, 
must however in the present state of our knowledge be regarded as 
doubtful. In this connexion it is suggestive that the extent of the 
range within which a second stimulus must fall in order to evoke a 
response with augmented delay, is apparently but little affected by 
temperatures from 3° to 8°C. Hence the period which suceeeds the 
refractory one and which may be termed “the period of modification,” 
has nearly the same duration, whether the physical factors are more 
rapidly consummated at 8° C., or more slowly consummated at 3° C., in 
spite of the fact that the duration of the refractory period is much 
longer at 3° than at 8°C. Still, what I venture to call the physical 
local factor is with these temperatures a predominant one. When 
however the nerve temperature rises to 12° C., this physical factor 
loses much of its potency and another factor is revealed; this is the 
transmitted physiological one of functional fatigue. This is not so 
marked in its effect as the physical factor, i. s. stimulation fatigue ; the 
latter retards the propagation along cooled nerves in the region of 
localised impairment very considerably whilst the transmitted (true 
fatigue) factor retards propagation to only a slight extent. It is probably 
for this reason that the range within which a second stimulus can evoke 
a response showing excess of delay, is so much shorter at 12° C. than it 
is at the lower temperatures given in Fig. 1. It follows from the 
preceding remarks that the increased delay of the second electrical 
response of nerve is a fatigue phenomenon, due partly to localised stimu- 
lation fatigue and partly to functional fatigue, the former being localised 
to the neighbourhood of the seat of stimulation and directly caused by 
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the physico-chemical effects of the stimulus, the latter being trans- 
mitted along the nerve fibres and due, in all probability, to the inability 
of the axon electrolytes to completely regain their normal state itt the 
short interval between the two stimuli, 


CONCLUSIONS. 


1, The electrical response of the excised sciatic nerve of the frog to 
a second stimulus may show a great increase in delay as compared with 
the response to the preceding stimulus. 

2. This increase of delay is augmented in proportion as the second 
stimulus approaches the end of the period of complete inexcitability 
(refractory period) which is developed during the first response, but 
becomes imperceptible if the second stimulus occurs at a sufficient 
interval after the first. The range of time during which the second 
stimulus can evoke a response with this extra delay is about h for 
temperatures from 3° to 8°; at 12°C. the range is much shortened. 

3. Temperature modifies the degree to which the increase in the 

delay of the second response occurs, this being augmented by lowering 
the temperature and diminished by raising the temperature; a notable 
diminution occurs above 8°C. It also accelerates or retards the moment 
at which the second stimulns must occur in order that the delay increase 
may become perceptible. 
4 An important factor in causing the increased delay is shown to 
be “stimulation fatigue” which is restricted to the neighbourhood of 
the seat of the first stimulus. This is shown to depress the excitatory 
activities of nerves at temperatures from 3° to 8° C. and in the first 
instance to retard the rate of propagation in the region affected by the 
stimulus, thus causing an increase of delay in the electrical response 
of a more distant part of the nerve. 

5. Such “stimulation fatigue” cannot account for the whole phe- 
nomenon since it is possible to show that local cooling or warming of 
portions of a nerve may alter the amount of the increased delay, although 
the locality exposed to the alteration of temperature is not the seat of 
the exciting stimulus. 

6. There is, in nerves at 12°C., distinct evidence of true nerve 
fatigue, showing itself only as retarded propagation. The retardation 
is not so marked as in the stimulation fatigue of cooler nerves but is 
present in all parts of the nerve which have been previously traversed 
by a sufficient succession of nerve impulses: 
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7. The factor indicated in 5 and 6 may be termed “ physiological” 
or transmitted, whilst that indicated in 4 may be termed “physical” or 
localised. Both these groups of factors are concerned in the increased 
delay of the response to the second stimulus, but whilst the physical 
factor predominates in nerves at or below 8°C., it is inconspicuous in 
nerves at 12°C. 

8. There is some evidence that at a low temperature (3° C.) second 
nerve responses commence at the same delayed moment although the 
second stimulus is varied as regards its moment of application. This 
corresponds with the results obtained by Keith Lucas in the sartorius 
muscle when directly excited by two stimuli at 12°C. Since however 
at temperatures above 3° C. the moment of commencement of the 
second response of nerve varies with the time of the application of the 
second stimulus, the conclusions arrived at by Keith Lucas as regards 
a fixed terminal limit of an “irresponsive period” are not applicable to 
nerve. 

9. The increased delay of the response to the second stimulus may 
be associated with other changes, particularly diminution in the amount 
of the EMF. of the response. This becomes marked when the second 


Stimulus occurs soon after the end of the refractory period of the first 


response, The propagation rate during the second response in the part 
of the nerve connected with the electrometer shows very slight re- 
tardation at lower temperatures ; this is insufficient to account for the 
marked increase of delay. At 12°C., the propagation rate, during the 
second response, in the part of the nerve connected with the electrometer 
is more distinctly slowed and this retardation would account for the 
greater part of the slight excess in the delay of the second response 
which is observed at this temperature. Such retardation and excess of 
delay are true fatigue phenomena due to previous activity. 
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THE ALLEGED FORMATION OF ADRENINE FROM 
TYROSINE. By A. J. EWINS ann P. P. LAIDLAW. 


(From the Wellcome Physiological Research Laboratories.) 


A PAPER a by Halle’ appeared i in 1906 in which he brought forward some 
evidence for the formation of adrenine from tyrosine. He prefaces his 
experimental results with some theoretical considerations as to the 
possibility of such formation. The requisite changes consist of four 


1, The introduction of a hydroxyl group into the benzene ring, for 
which he cites among other examples the formation of homogentisic 
acid from tyrosine in alcaptonuria. * 

2. The elimination of CO, from an amino-acid to form an amine, 
for example, the production of phenylethylamine from phenylalanine, 
and the formation of parahydroxyphenylethylamine from tyrosine. 

3. The methylation of nitrogen. An analogous change is met with 
in the formation of methyl pyridylammonium hydroxide from pyridine. 

4. The introduction of a hydroxyl group into an aliphatic chain. 
As an example he cites the formation of 8-oxybutyric acid from the 
higher fatty acids. 

Without criticising these theoretical speculations in detail we may 
point out that the fourth step is precisely the point at which Knoop“ 
found that the oxidation in the g position stopped short. Aromatic 
derivatives of the lower fatty acids were metabolised to benzoic or 
phenyl acetic acid according as there was an odd or even number of 
carbon atoms in the side chain. 

Halle’s experiments consisted in incubating finely minced fresh 
suprarenal glands with tyrosine under antiseptic conditions. Control 
experiments without tyrosine were carried out under the same con- 
2 At the end of six days’ incubation at 37° the proteins were 


I W. L. Halle. Beitr. ea 1906. 
2 Hofmeister’s Beitr. vl. p. 150. 1905. 
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removed, the solution concentrated, the adrenine precipitated by am- 
monia, and the precipitate weighed. In two experiments out of four 
he obtained results which appeared to indicate the formation of adrenine 
under these conditions. 

The method of estimating adrenine by precipitation with ammonia 
is worthless, The precipitate obtained under such conditions is, as 
Halle himself admitted, contaminated with a considerable amount of 
inorganic matter. The fact that the ash, obtained by ignition of his 
precipitates, was approximately constant in all cases does not necessarily 
indicate & constant proportion of impurity. In view of the importance 
attaching to such a result, if true, it seemed to us desirable to repeat 
and extend these experiments, employing a method of estimating 
adrenine which should be capable of more definite interpretation. 

The transformation of tyrosine into adrenine, according to Halle’s 
theory, may be represented in the following scheme. 


OH OH 
CH, CH, 
oh NH, oh, NH, 
COOH 
Tyrosine Parahydroxyphenylethy 
(1) (2) 
OH OH OH 
CH, CH.OH | 
un ok, OCH,. NH (CH,) 
Dihydroxyphenyl- Dihydroxyphenylethyl- Adrenine 
ethylamine methylamine 
(8) (5) 


As will be seen later we could obtain no evidence of any of these 
steps in the case of experiments with tyrosine. We therefore tested the 
transformation from steps (2) and (4). 

The experiment with tyrosine was carried out as follows : 

120 grms. of finely minced fresh ox suprarenal glands were placed 

in each of two flasks. To each flask was added 40 cc. of saline, 1 c.c. 
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chloroform and 10 qc. of toluene. To one flask was also added 0°5 grm. 
of tyrosine, The mixtures were then incubated for 7 days at 37°. At 


the end of this time 0°5 grm. of tyrosine was added to the contents of 


the second flask and the two mixtures worked up separately in exactly 
the same way, as follows. The mixtures were made faintly acid with 
dilute acetic acid and heated on a water bath to 80—90°. They were 
then filtered and the filtrates boiled. The coagulated protein was 


filtered off and the filtrates neutralised. 


Fic.3. 


FIG. e. 


FIG. l. 


LiL 


suprarenal glands in- 


base line and signal, time 
and F=control. 


uted extract of 
base line and signal, time 


in ten seconds. 4 1 0.0. of ten times diluted extract of suprarenal glands inoubated 


with tyrosine for seven days. B=control. 


in ten seconds. G control. H= 1 0.0. of 20 times diluted extract of suprarenal 


glands incubated with dihydroxypheny 


2. Decerebrate cat. Artificial respiration, blood-pressure, 
in ten seconds. C and E=1c.c. of ten times 
cubated with parahydroxyphenylethylami 

8. Decerebrate cat. Artificial respiration, blood-pressure, 


Fig. 1. Decerebrate cat. Artificial respiration, blood-pressure, base line and signal, time 


Fig 
Fig, 


277 


N 
— 
4 
j 
* 
4 
88 
| 
a 
eee 
8 9 8 4 
: 
0 
¥ 
| 
| 
— 
a > 
| 
ni 
/ 8 
a 


278 A. J. EWINS AND P. P. LAIDLAW. 


The adrenine content of the two solutions was compared physio- 
logically. The method employed consisted in determining the rise in 
arterial blood pressure produced in a pithed cat by intravenous injection 
of equal submaximal doses of the two filtrates. The rise in blood- 
pressure was practically the same in each case. (See Fig. 1.) 

If one-tenth of tyrosine added had been transformed into adrenine 
the effect on the blood-pressure would have been doubled. Further, if 
either dihydroxyphenylethylamine (step 2) or dihydroxyphenylethyl- 
methylamine’ had been formed the rise of blood-pressure induced by the 
test filtrate would have been greater than the control. As is readily 
seen in the figure the control is slightly higher than the test. 

We then incubated parahydroxyphenylethylamine with suprarenal 
glands under similar conditions and similarly cdntrolled. The rises in 
blood-pressure were here again equal in both cases. (See Fig.2.) If 
a twentieth of the added amine had been converted into adrenine the 
effect on the blood-pressure would have been doubled. 

Finally we incubated dihydroxyphenylethylmethylamine* under 
similar conditions. In this case only the last step, the introduction of 
a hydroxyl group into the aliphatic chain, is required for the formation 
of adrenine. Comparison of the solution and control showed rises of 
blood-pressure which were the same within the limits of the experimental 
error. (See Fig. 3.) If one-seventh of the amine had been converted 
into adrenine the effect on the blood-pressure would have been doubled. 

We are, therefore, of the opinion that there is as yet no evidence of 
the formation of adrenine by ferment activity, from tyrosine or the more 
closely related bases parahydroxyphenylethylamine and dihydroxyphenyl- 
ethylmethylamine. 


? As yet unpublished work of Dale and G. Barger. 
For this base we are indebted to F. L. Pyman. Trans. Chem. Soc. xcvm. p. 264. 1910. 
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ON THE SIGNIFICANCE OF CARBON DIOXIDE FOR 
THE HEART BEAT. By E. JERUSALEM ann E. H. 
STARLING. 


(From the Institute of Physiology, University College.) 


Tae idea that carbon dioxide was not only a waste product but 
might play a distinct part in the regulation of the ordinary functions of 
the body was put forward by Miescher. Miescher pointed this out 
in connection with the regulation of the respiratory movements, and his 
views have been amply confirmed by Haldane and his pupils. So far 
as we are aware, the importance of the carbon dioxide tension in the 
blood for functions of the body other than that of respiration was first 
emphasised by Mosso, who, as is well known, ascribed the symptoms 
involved in mountain sickness to a diminution of the normal carbon 
dioxide tension in the blood, a condition named by him acapnia. In a 
series of recent papers, Landell Henderson has laid stress on the 
importance of the normal carbon dioxide tension for a number of the 
bodily functions and amongst others for the maintenance of the blood 
pressure and for the beat of the heart. He finds that even a slight 
reduction in the carbon dioxide content of the arterial blood causes a 
marked quickening of the heart-rate, and that a certain further reduction 
causes extreme tachycardia. A great reduction rapidly effected causes 
the heart to pass into a state bordering on tetanus which practically 
abolishes the action of the heart. 

In a research on the Spinal and intact animal lately carried out in 
this laboratory* it was observed that although an increased CO, tension 
in the blood caused a rise of blood pressure, this rise of pressure could 
be maintained for almost any length of time and did not tend to come 
to an end by failure of the heart, as is the case when the rise is due to 
diminution of oxygen. In the spinal animal, inhalation of CO, caused 


! Yandell Henderson. Amer. Journ. of Physiol. xx1. p. 126. 1908. 
2 R. Kaya and E. H. Starling. Journ. of Physiol. xxxrx. p. 347. 1909. 
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no rise of pressure, but the heart beats were distinctly larger than when 
ordinary air was being used for the artificial respiration. In order to 
analyse the influence of the gases of the blood on the body generally it 
seemed to us important to deal with the action both of CO, excess and 
diminution on the organs of the body separately, and we have begun 
our study with the isolated heart. 

Our work has been carried out on both the frog and mammal. The 
influence of CO, on the frog’s heart has been studied by Straub’, who 
found in most cases that this gas produced a diminution of all the 
activities of the heart muscle. In a few cases he found that although 
the heart beat was diminished in amplitude there was imcreased ex- 
citability to artificial stimuli. Bottazzi* obtained somewhat similar 
results with the heart of the emys europea. In a series of observations, 
however, on the excised cesophagus of aplysia and of the fowl the latter 
author obtained in some cases augmentation of the rhythmical contrac- 
tions of this organ or of a strip of muscle derived therefrom. Göthlin“ 
found that a frog’s heart transfused with an alkaline salt solution beat 
more vigorously in an atmosphere of oxygen containing 7 per cent. CO, 
than in an atmosphere of pure oxygen, and concludes that in the 
presence of oxygen and alkaline carbonate the carbonic acid does not 
exercise the injurious effect which it does if the solution contains no 
carbonate or no oxygen. Bottazzi himself suggests as the results of 
his experiments that possibly a certain partial pressure of CO, in the 
liquid or blood bathing the tissues may represent the most favourable 
condition for the exhibition of the tissues’ activity, and that in every 
tissue it ought to be possible to find an optimum tension of CO, at 
which the tissue would do its best work. As will be seen in the course 
of this paper the opinion emitted by Bottazzi is fully justified, so far 
as mammals are concerned, by the results of our experiments. 


The effect of carbon dioxide on the heart of the frog or tortoise. 


Most of the previous work had been performed by exposing the 
heart to CO, tension approaching an atmosphere and the results had 
been, with the exception of those of Géthlin, uniformly depressant. 
In order to study the influence of moderate tensions of CO, in the 
presence of sufficient oxygen we made use of two methods. 


1 W. Straub. Arch. J. exper. Path. u. Pharm. XIV. 8. 380. 1901. 
2 Fil. Bottazzi. Zeitsch. f. allg. Physiol. X. 8. 868. 1909. 
G. F. Göthlin. Skand. Arch. f. Physiol. vu. 1001. 


1 
— 
4 
4 
* 
4 
" 
4 > 
4 
| 
2 
¢ 


CARBON DIOXIDE ON THE HEART. 281 


In the first method Ringer's solution was saturated with a mixture 
containing oxygen and CO, in the required proportions; or two bottles 
were taken, one containing Ringer’s fluid saturated with oxygen and 
the other containing the same fluid saturated with CO,. By mixing 
four parts of the oxygen Ringer” with one part of the “CO, Ringer 
we assumed that we could get a fluid in which the CO, tension would 
amount to one-fifth of an atmosphere. For this purpose we made use 


a 

A reserve bottle (4) containing Ringer's solution is connected with two smaller bottles 
(B and C). The latter are closed with two-holed india-rubber corks, a short glass tube 
passing through one hole and a long glass tube through the other. The latter serves for 
the filling of the bottle and is then connected with a reservoir containing pure oxygen or 
one containing a mixture of oxygen and carbon dioxide. These gases are allowed to 
bubble through the solutions for about half an hour until they are saturated with oxygen, 
or oxygen and carbon dioxide as the case may be, and all other gases expelled. During 
the experiment a small stream of gas is allowed to pass through the liquid. Each of the 
two bottles is connected by the shortest possible rubber tube with a vessel (D), the upper 
part of which consists of a narrow tube three times as long as the lower part, which is 
broad and wide. A three-way tap (Z) at the top of the tube communicates with one of 
the bottles and with the connection described below. A rubber tube is attached to the 
lower part near the bottom which connects it with a fairly large bottle (F) filled with 
mereury and which is placed on a small adjustable table. The vessel D is filled first with 
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mercury. The tap E of the vessel D is then turned so as to communicate with the bottle 
containing the oxygen-Ringer solution. By lowering the mercury bottle the narrow tube 
and the greater part of the broad bottom piece of the vessel D are now filled with Ringer 
solution. A large quantity of oxygen Ringer solution is now drawn into the corresponding 
vessel, followed by a certain quantity of oxygen carbon dioxide Ringer solution, so that one 
vessel now contains Ringer solution saturated with oxygen, and the other, Ringer solution 
saturated with oxygen and a certain percentage of carbon dioxide. The connecting piece 
(0) consists of two glass pipes which towards the front of the apparatus run into one. 
These are crossed by another piece of glass tubing having a three-way tap by which it may 
be connected with a mercurial manometer (K). Each tube is now filled from its respective 
vessel, the taps (L) are turned off, the manometer connected with one tube, and the 
desired pressure is obtained by the adjustment of the corresponding mercury bottle. The 
manometer is now connected with the other tube and the same pressure obtained as in the 
first. The connecting piece is further provided with a William's valve (J which is con- 
nected with a William’s double cannula. This in its turn is connected with a three-way 
tap by means of a second valve. The heart is enclosed in a frog’s heart apparatus which 
registers the changes in volume. The three-way tap (G) also communicates with a glass 
tube (R), the height of which is adjustable, and with a mercurial manometer by means of 
which the maximum work of the heart can be ascertained. 


In the second method the heart was placed in a chamber in air and 


mixtures containing various percentages of CO, and oxygen were passed 
through the chamber. 


The results obtained by either method were identical. In no case, 
even with a percentage of CO, amounting to only five per cent. of an 


10 


Fig. 2. x4}. Tracings of frog’s ventricle, contracting in gaseous mixtures taining 
| various percentages of CO,, with in all cases over 25 ½ oxygen. 5 

Normal beat (in air). 

After exposure for 800 secs. to 16 % OO». 

Normal. 

After exposure for 280 to 12° . 

After exposure for 320 to 7° | 

sees, to 7 % CO,. 
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atmosphere, did we obtain any augmentation of the beat. In Fig. 2 is 
given a series of tracings of the frog’s heart exposed in a chamber to 
varying mixtures containing between 7 per cent. and 16 per cent. CO, 
In each case there was an excess of oxygen also present. It will be 
noted that the effect of CO, was simply to depress the size of the beat. 
With the higher percentages, eg. 16 per cent., there is also a marked 
slowing of the beat. We thought that possibly the effect might vary 
according to the tension on the heart muscle, but obtained similar 
results when the tensions varied from one gram up to ten grams. The 
curves obtained by either method resemble closely those recorded by 
Gaskell as the result of the transfusion of weak solutions of lactic acid 
through the frog’s heart. So far as the experiments go they indicate 
that CO, has merely a depressant effect both on the rhythm and on the 
force of the beat. Experiments on the tortoise's ventricle gave similar 
results. 

We may also give the results of an experiment made by the first 
method, in which the actual output of the frog’s heart was measured 
under varying tensions of the CO, in the Ringer’s fluid supplied to the 
heart. 


Frog’s heart; different amounts of CO,, same tension throughout. 


Gas Rate per 60 secs. Output per beat Output per 60 secs. 
Air 26 9 234 

OO, 16 % 19 2˙5 47˙5 
Air 26 8 208 
Air 26 s 208 

CO, 12% 26 15 39 

Air 28 10 280 

Air 28 10 280 

00. 7 % 25 45 112°5 
Air 27 9 243 


The action of carbon diowide on the mammalian heart. 


In the mammalian heart we regarded it as essential that the 
heart should be fed with a current of blood under the normal arterial 
pressure. The complex relations between CO, and the proteins and 
bases of the blood cannot be satisfactorily imitated when Ringer's fluid 
is employed to feed the heart. Since it was necessary to vary the 
tensions of the CO, at will we discarded the use of any artificial 
aerating apparatus. By such artificial methods of aeration it is impos- 
sible to be certain of establishing a state of equilibrium between the 
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gaseous mixture employed and the gases dissolved in the blood, and a 
direct determination of the tension of the gases in the blood itself is a 
lengthy and difficult task. It is impossible in any artificial method of 
aeration to imitate at all closely the very perfect mechanism existing 
in the lungs for exposing the blood in a layer about one corpuscle thick 
to the action of gases at various tensions. We therefore decided to 
make use of the lungs as our instrument for aerating the blood, and, 
by maintaining a vigorous ventilation of the alveoli’, we assumed that 
we should obtain a practical equilibrium between the blood circulating 
through the lungs and the gaseous mixture employed for the artificial 
ventilation. The work of Haldane indicates that the tension of the 
CO, in the blood follows closely that in the alveolar air, and we have 
every reason therefore to believe that the tensions of the CO, in the 
gaseous mixtures employed in our experiments really represent the 
tensions of the CO, in the blood circulating through the coronary 
vessels. Towards the end of most of the experiments, however, the 
ventilation of the lungs began to be impeded by the onset of pulmonary 
cedema. We are therefore inclined to lay less stress on the results 
obtained towards the end of an experiment than on those ob- 
tained at the beginning. It will be noted on certain of the tracings 
reproduced in this paper that the heart beat towards the end of the 
experiment, when air was used for pulmonary ventilation, resembles that 
obtained at the beginning under the influence of increased tension of 
CO,. We give a number of protocols of our results at the end of this 
paper. These ought to be read with this warning in mind. 

Method. Many different methods have been devised for studying 
the conditions of the circulation in the isolated heart and lungs. We 
believe that the method that we adopted, though varying but slightly 
from those employed by our predecessors, is simpler in detail than any 


The artificial respiration employed by us was probably not nearly so violent as that 
made use of by Henderson in his experiments. In the normal cat, although a period of 
- apnea follows the cessation of respiration when ventilation of similar intensity is em- 
ployed, there is never any marked lowering of blood pressure, and therefore it is doubtful 
if in the normal animal one can speak of a condition of acapnia being produced. The 
state of things is however different under the conditions of our experiments, In these only 
the heart and Jungs are in the circulation. The production of CO, in these organs must be 
very small as compared with that in the whole body, so that a ventilation which would be 
just sufficient for the respiratory needs of all the organs is probably excessive when em- 
ployed to ventilate simply the isolated heart and lungs. The marked influence of adding 
even small percentages of CO, to the mixture used for the artificial respiration shows that 
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of them and presents practically no difficulties in its carrying out. 
Most of our observations were made on cats. 


The cat being anwethetised a tube was placed in the trachea, and artificial respiration, 
using the double pump devised by Hans Meyer, was at once set up, The air pumped in 
passes over K. C. E. mixture or chloroform so as to keep the animal deeply anmwsthetised 
during the operative part of the experiment, dar aaa 
and the internal mammary 
vessels secured, the superior 


opening into it on the right 
side near the heart was liga- ir 
tured. A clip was then put on 
the superior cava close to the 


11 
7f 


2 
11 


i 


spring clip at its origin from Fig. 3. Diagram to show arrangement of the isolated 
the aorta and a Francois Franck heart-lung heart circulation. 


thread was then passed round the arch of the aorta just beyond the point at which it gave 
off the left subclavian artery, and another thread was passed round the inferior cava. The 
other end of the arterial cannula was connected by an elastic rubber tube about 60 cms. 
long to the cross limb of a glass T-tube. The upper vertical limb of this tube projected 
into a test-tube containing air, while the lower vertical limb was clamped so that its lower 
limb dipped under mercury in the vessel shown in Fig, 3. Hirudin solution was then in- 
jected into the side tube of the arterial cannula until it filled the rubber tube and the glass 
T-tube, some of it passing through the mercury and accumulating on the surface in the 
expanded part of the glass vessel. Between 0-05 and 0-1 grams of hirudin in about 30 0. 0. 
Ringer’s solution were employed for each experiment. The rubber tube connected with 
the venous cannula was tied on to the short side-tube shown as coming from the expanded 
part of the glass vessel. The whole of the vessel containing mercury was immersed in a 


J 
vena cava was carefully freed | 
from the surrounding con- 
nective tissue. A large vein j 
heart and the vessel was liga- : . 1 
tured just as it enters the Shan oe i 
thorax. It was then opened 
and a glass cannula with a 
rubber tube attached was in. 
serted and tied in, the cannula . 
and tube having been pre- 
viously filled with a solution ii 3 1 
of hirudin in normal salt solu- 215 fi 
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water bath kept at about 45° C. This was sufficient to maintain the blood at a tempera- 
ture of about 85° 0. The side tube of the arterial cannula was then connected with a 
mercurial manometer. As soon as the two vessels going to the head were ligatured the 
administration of anesthetic was discontinued. On removing the clip from the innomi- 
nate artery the blood rushed through the cannula and through the rubber tube and passed 
through the mercury to accumulate in the expanded part of the vessel. The thread round 
the arch of the aorta was now tied firmly so that the whole of the blood from the heart had 
to pass through the apparatus, and a few minutes later when no more blood was coming 
from the lower part of the body the inferior cava was also tied. The clamp on the venous 
cannula was then relaxed and a constant circulation of blood was thus kept up through 
the heart and lungs only. 


By this method the heart contracts against an arterial pressure 
which is constant and which may be altered to any extent by raising or 
lowering the tube which dips into the mercury. Moreover by the 
provision of a long elastic tube between the arterial cannula and the 
mercury, as well as of an air space in the test tube fixed to the upper 
end of the T-tube, the heart has to contract always against an elastic 
resistance and has not to encounter at the beginning of its beat the 
fixed resistance of the mercury column. The venous pressure is also 
maintained at a constant level which depends on the height of the glass 
vessel above the venous cannula inserted in the vena cava. In our 
experiments this height generally amounted to 8 cms. It is evident 
that in this method we could alter at will the tension of the gases in 
the air used for ventilating the lungs, the pressure against which the 
heart has to contract, and the temperature of the blood supply to the 
heart. In the different experiments the arterial pressure varied from 
60 to 140 mm. Hg and the temperature of the blood from 25° to 36° C. 
The arterial pressure being constant in any one observation we could 
obtain an accurate idea of the work done by the heart by measuring 
the output of the ventricle. For this purpose we made use of glass 
heart plethysmographs similar to those which have been employed by 
Henderson, by Hill and by Lehndorff. 


They consist of a glass bulb with a wide flanged opening, over which is tied a sheet of india- 
rubber. In theindia-rubber sheet a hole is burnt with a hot iron of a diameter slightly less than 
the auriculo-ventricular ring in the heart which is to be the subject of the experiment. A 
lateral tubulure serves for the connection of the plethysmograph with a volume recorder. 
The pericardium being opened and held apart by means of Spencer Wells forceps the 
flanged mouth of the plethysmograph is introduced into the pericardial cavity and the 
pericardium tied tightly by a ligature round the flange. The plethysmograph is then 


As a volume recorder we used in most of our experiments a modification of Gad’s 
pneumatograph (Fig. 4). It consists simply of a light aluminium or copper box pivotted 
at one end and immersed in water contained in a somewhat larger box. Through the 
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bottom of the latter a wide brass tube passes up through the water to nearly touch the wall 
of the pivotted box. The smaller box therefore contains a volume of air enclosed by water. 
Any increase in this volume tilts the box and the tilting can be recorded by means of a 
lever writing on a blackened surface. The excursions of the lever are found to be propor- 
tional to the change of volume of the air contained within the recorder. 


— 


Fig. 4. e 


The construction of the recorder will be evident from the ac- 
companying diagram (Fig. 4). 

In Figs. 5 and 8, 3 mm. excursion, and in Fig. 7, 5°6 mm. excursion, 
indicate a change of 1 com. in the volume of the two ventricles. Fig. 6 
was obtained by means of a piston recorder. 

The marked influence of varying the tension of CO, in the blood on 
the cardiac output is shown in Fig. 5. Between the arrows a gas bag 


i N N. N A i N. R n 


Fig. 5. Volume curve of ventricles (cat). Systole caused a movement of the lever down- 
wards (lower curve), Upper curve is the arterial pressure (artificial) which was main- 
tained throughout at 182 mm. Hg. Between the arrows the air used for artificial 
was Teplased bys gassous mixture containing 90 °/, OO; and over 86 J. 
oxygen. Time marking 10 secs. 


Ge 
E. 
— — — 
j 
4 — 
. oO 
— 
9 
4 
* 
4 
* 
2 
— 
Z 
a 
vf 
om) 


288 H. JERUSALEM AND E. H. STARLING. 


containing a mixture of 20°/, CO, with excess of oxygen (about 30 %) 
was attached to the respiration apparatus, There is a delay of about 
ten seconds in all these experiments before the gaseous mixture reaches 
the lungs. It.will be seen that both diastolic and systolic volumes of 
the heart began to increase about 15 seconds after the injection of the 
gas and the dilatation of the 

heart rapidly increases, affecting - 
the systolic even more than the 
diastolic volume, so that the out- 
put at each beat is diminished. 
This dilatation of the heart goes 
on increasing for about 20 secs, 
after removing the gas bag and 
renewing the injection of atmo- | 
spheric air into the lungs. Re- 1 
covery then takes place, but it eee 
will be noted that the output at 
each beat increases rapidly until 
it is considerably larger than it 
was before the administration of 
the OO,; and even 90 seconds 2 
after the termination of the ad. 
ministration, the volume beat of 
the heart is increased, althougli ~ 
both diastolic and systolic volumes 
are greater than normal. One is 
wont to regard dilatation of the 
heart as a sign of oommeneing — f f N 1 
failure, but here we have a dila- 
tation which actually increases 
the output of the heart, and 
since the arterial pressure is con- 007. (Description in text.) 

stant throughout (in this case 

132 mm. Hg) the work done by the heart at each beat is also largely 
increased. The improvement in the heart beat as a result of the 
administration of this high percentage of CO, indicated that we should 
find lower percentages of this gas which could be administered con- 
‘tinuously and produce a lasting beneficial effect on the heart beat. 
A prolonged experiment with a lower percentage of CO, is given in 
Fig. 6. In this case the movements of the heart were recorded by 
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means of a piston recorder, 1 em. excursions of the lever corresponding 
approximately to 1 c.cm. change in ventricular volume. 

Since it is impossible to reproduce the whole of the tracing only 
sections are reproduced at intervals before, during, and after the 
administration of the gas. The gaseous mixture contained 7°9 p.c. 
CO, with about 30 p.c. oxygen. A represents the beat as obtained 
before the administration, that is to say, after vigorous ventilation for 
some time with ordinary air so that the animal might be regarded as 
in a condition of acapnia. The administration of CO, was commenced 
at the end of section A: The heart began to dilate, the dilatation 
being accompanied with augmented output. B was taken 60 secs. 
after the commencement of the administration, C 210 secs. from the 
commencement, and D after the administration had been continued for 
480 secs. Before the administration the average output from the two 
ventricles was 19 ccm, After the animal had been breathing the 
mixture for 480 secs. the diastolic volume had increased by 15 c.cms. 
and the systolic volume by 12 ccms., while the output at each beat 
amounted to 8c.cms. Two minutes after the gaseous mixture had been 
replaced by ordinary air the heart had diminished considerably in size 
but had not returned to its former dimensions, its diastolic volume 
being still 48 cms. greater than it was at the commencement of the 
experiment, while the output per beat was still 2˙4 c. ems. The arterial 
pressure in this case was still maintained at 112 mm. Hg so that there 
can be no doubt that it is an advantage to the heart and to the cir- 
culation generally that the CO, tension in the blood be mays at a 
certain — high level. 


Pig. 7. Oardiometer tracings from ventricles of cat, to show influence of * 
ventriouiar volume and output. Arterial pressure 96 mm. Hg. 
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A much élighter alteration in the CO, tension of the gaseous 
mixture supplied to the lungs suffices to cause a perceptible alteration 
in the volume and output of the heart. In Fig. 7 is shown the effect 
of a mixture containing only 2˙1 p.c. CO,. An interval of 100 seconds 
separates section B fro-n section A, the administration of the gaseous 
mixture being commenced about the middle of the tracing given in 
section A. As a result of this low percentage the diastolic volume is 
increased from 15 to 25 mms. and the systolic volume from 0 to 7 mms. 
so that there is an increase in the excursion of the cardiometer at each 
beat from 15 to 18 mms., equivalent to about 5 c. No change in this 
case was produced in the rhythm of the heart. With higher per- 
centages as a rule a distinct slowing is observed in the heart on the 
administration of CO, 


| 


Fig. 8. 4, B, C, D, E, F, , H, X. Cardiometer tracings to show influence of 
varying tensions of CO, on the ventricular volume and output. 


It seems probable that there is an optimum tension of CO,, above 
which the action of CO, will be to diminish the output of the heart at 
each beat. If this diminution of output is accompanied by a slowing 
of the heart, which is more marked the greater the percentage of CO,, 
the total work done by the heart will be largely diminished. These 
effects are brought out very clearly in the tracings given in Fig. 8. 
Throughout this experiment the arterial pressure was kept constant at 
72 mm. Hg, that is to say, rather lower than in the majority of the 
other experiments. The temperature of the blood entering the heart 
varied between 34° and 33°C. The first part of the tracing, sections 
A, B and C, shows the effect of administration of 5˙1 p.c. CO,, the 
second part, D, E, F, the effect of a mixture containing 9°3 p.c. CO,, 
while the sections G, H, K, show the effect of a mixture containing 


14 pc. CO,. The analysis of these curves is given in the following 
table. 
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Large Oat, male. 


Air 85 ‘ 0 ‘ 140 72 84° © 
00, 51%, 30 28-5 18 10°5 815 72 ‘i 

Air 81 -5 ~2 7 217 72 1 

Air 80 10 0 10 800 72 84° ©, 
00, 29 36˙5 27 95 266 72 

Air 29 12 0 12 348 72 i 

Air 29 10°5 0 10° 804-5 72 88° C. 
00. 14% 28 47 83 ~ 184 72 ‘i 

Air 29 18 0 18 877 72 


It will be seen that whereas the lowest percentage, 5°1, caused an 
increased output per beat from 4 to 10°5 and an increase in 10 secs. 
from 140 to 315, a mixture containing 9°3 p.c. caused a slight diminution 
in the output per beat and a considerable diminution in the output per 
10 secs, and this diminution in the total work of the heart was still more 
marked with a mixture containing 14 p.c. CO, 

In the following tables we give the results from a number of experi- 
ments on the cat’s heart and one on the dog’s heart at various 
temperatures, pressures and CO, tensions. 

The diastolic volume, the systolic volume and the output in every 
case are measured in millimetres from the base line corresponding to 
the systolic volume at the beginning of the experiment. In all the 
experiments, except that shown in Fig. 6, 5°6 mms. correspond to 1 cc. 
change in volume of the ventricles. 

From a study of these tables we may conclude that at a temperature 
which is not far below normal (about 34 to 35° C.) the optimum tension 
of the CO, in the blood as concerns the work of the heart is somewhat 
between 5 and 8 p.c., i.e. a little higher than the normal tension in the 
alveoli of the lungs. The position of the optimum seems to be unaffected 
by altering the arterial resistance within the normal limits, but cooling 
the heart or the blood supply to this organ apparently raises the 
optimum so that one may obtain an increase in the output per beat 
with percentages as high as 11°4 pe. This last figure is however 
probably the outside limit, and in most cases so high a percentage 
caused a diminution both in output per beat and in output per ten 
seconds, 

Only one experiment was carried out on the dog. The heart in this 
- case was rather too large for the cardiometer used so that we are not 
inclined to lay too much stress on the results obtained. The increase 
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Expr. 1. Cat. 
Air 20 20 0 20 400 
Oxygen 19 20 0 20 880 
Air 18 19°5 0 . 19% 851 
Air 18 195 0 19°5 851 
CO, 2% 17 32 10 22 877 
Air 17 20°8 -02 21 351 
Air 23 15 0 15 345 
CO, 2-1 °/, 23 25 7 18 434 
Air 23 155 15 14 322 
Air 21 14 0 14 294 
CO, 8˙3 % 20 58 42 16 320 
Air 20 23 10 18 260 
Air 80 12°5 0 12°5 875 
25 15 0 15 875 
24 21 504 
19 35 — 27 665 
25 22 0 22 550 
17 21 0 21 857 
16 43 21 22 352 
15 25 3 22 830 
25 22 0 22 550 
ike 40 86 14 266 
25 26 5 21 525 
26 11 0 il 286 
20 70°3 60 103 206 
9 28 16 12 264 
44 17 0 17 728 
1 112 78 34 1054 
32 44 20 24 768 
34 18 0 18 612 
30 12¹ 98 3 690 
51 68 48 20 620 
81 21 3 2¹ 651 
33 103˙6 88 20°6 679°8 
33 46 25 21 . 698 
0 11 352 
81 78 56 19 589 
32 12 Ge 12 884 
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Air 30 14 0 18 420 80 82° C. 
00, 8°6 °/, 27 48 23 540 86 
Air 25 28 5 20 450 86 7 
Air 25 18 10% oF age 80 82° 0. 
00, 11·6 28 64˙5 51 135 3105 
Air 25 +17 -8 - 20. 500 86 = 
Air 25 20 0 20 500 118 85 · 8 C. 
00, 113%, 28 67 BO 17 
Air +% —2 28 672 
Air 28 118 85° ©, 
00,66%, 21 60 36 504 
Air 24 30 0 30 7 116 2 
Exp. 4. Cat. Temperature 29—30° C. 
Air 90 6°75 . 6465 202 92 
00, 4% 27 25 · 5 17 8°5 22995 92 
Air 29 6 -1 7 208 92 
Air 29 7 0 7 203 92 
00, 823%, 28 87 28 9 ee 
Air 33 15 Kot 7 182 92 
Air 26 7 0 7 182 92 
00, 114% 20 47 88 14 280 92 
Air 23 9 0 9 207 92 
Exp. 5. Cat. Temperature 31° C. , 
Air 84 8°75 0 3˙7⁸ 17 ˙ 146 
00, 4% 80 20°5 12 85 255 146 
Air 25 12 7 5 125 146 
Air 28 5 T 146 
CO, 7% 28 16 9°5 65 1904 - 146 
Air 32 4 
Exr. 6. Bitch, 7 kilos, Temperature 29° C. ig a 
Air 17 24 408 
co, 13 100 82 18 W 
00, 11 189 59 19 
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both in systolic and diastolic volume was obtained in this case as in the 
experiments on the cat, There was also a marked slowing of the heart, 
but the output per beat was depressed with 63 p.c. CO, as well as with 
a higher percentage, namely, 10 p.c. Further experiments are neces- 
sary before we can draw any conclusions as to the optimum value of the 
CO, tension in the blood in the case of this animal. 

It is evident that the increased output from the ventricles at each 
beat under the influence of a rise in the CO, tension of the blood must 
contribute to the rise of general blood pressure observed as the result of 
the inhalation of mixtures containing varying percentages of CO, in the 
presence of sufficiency of oxygen. We are now conducting experiments 
as to the relative importance in the production of this rise of the action 
of CO, on the heart, on the medullary centres, and on the blood vessels 
respectively. Our experiments certainly confirm the views expressed 
by Henderson that the ordinary CO, tension in the blood is a neces- 
sary condition for the maintenance of the normal blood pressure and of 
the normal activity of the heart, and confirm him in his description of 
the action of the heart when the CO, of the blood is reduced to very 
low limits. 


CONCLUSIONS. 


1, Any increase in the CO, tension of the blood circulating through 
the coronary vessels, causes a corresponding relaxation of the heart, 
which affects both its systolic and diastolic volume. 

2. At high percentages of CO, (12 to 20 p.c. of an atmosphere) the 
cardiac dilatation affects the systolic more than the diastolic volume, so 
that the ventricular output is diminished. 

3. With moderate tensions of CO, (2 to 8 p.c. of an atmosphere) 
the ventricular output increases with increase in the CO, tension. 

4. Increase in the CO, tension tends to cause slowing of the 
isolated heart, which is slight at low tensious but becomes very marked 
as the tension of CO, is increased. 

5. There isa certain optimum tension of CO, in the blood at which 
the cardiac output per minute is at its maximum. This optimum 
probably rises with fall of temperature of the blood circulating through 
the coronary vessels. 

6. As pointed out by Henderson, the CO, tension in the blood 
must be maintained at a certain height if the pumping action of the 
heart is to be normally carried out. In acapnia the diastolic relaxation 
of the heart is incomplete, and the output is therefore minimal. 
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THE RESPIRATION OF THE TORTOISE HEART 
IN RELATION TO FUNCTIONAL * By 
H. M VERNON. 


(From the Physiological Laboratory, Oaford.) 


In previous papers I have shown that the gaseous metabolism of freshly 
excised mammalian kidneys, when perfused with oxygenated saline 
solution, falls somewhat rapidly, and after 12 hours’ perfusion amounts 
to only two-fifths its initial value. Again I showed? that perfusion with 
dilute solutions of certain poisons such as NaF, HCN, NaHSO, and 
formaldehyde causes a temporary lowering of respiratory power. Sub- 
sequent perfusion with oxygenated saline leads to gradual recovery on 
the part of the tissues, and in many cases they ultimately attain the 
gaseous metabolism of unpoisoned kidneys. In none of these experi- 
ments, however, was any attempt made to estimate the vitality of the 
perfused organ, as the kidney is not very suitable for the purpose. 
Hence it is impossible to say whether the tissues were still alive after a 
12 hours’ perfusion, or to be certain as to the vitality of a poisoned 
kidney which had recovered respiratory power. A repetition of the 
experiments upon an organ of which the functional power could easily 
be measured seemed desirable, and so a number were made upon the 
beating tortoise heart. 

Method. The gaseous metabolism of the heart was measured in the 
same manner as that employed for kidneys. A cannula was tied in the 
aorta, and the organ was perfused through its coronary arteries at a 
suitable pressure, generally 70 to 100 cm. of water, with oxygenated 
Ringer's solution. Control experiments showed that, provided the 
oxygen supply to the tissues is sufficient, the pressure of perfusion can 
be varied from 50 cm. to 166 cm. without affecting the heart contraction. 


1 Vernon. This Journal, xxxv. p. 58. 1906; NAVI. p. 61. 1907. 
2 Vernon. This Journal, XXIII. p. 149. 1909. 
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Even a brief lowering of the pressure to 8 em. caused only a small 
diminution in the amplitude of contraction, The heart hung from the 
cannula under a layer of petroleum in a measuring cylinder of about 
150 c. capacity, and the perfused saline, which collected under the 
petroleum, was drawn off at two to four hour intervals, The gases from 
weighed quantities of it were boiled off in vacuo and analysed with 
Haldane’s gas analysis apparatus, whilst samples of the oxygenated 
saline used for perfusion were analysed in duplicate. The CO, output 
of the heart muscle was thereby estimated with a fair amount of 
accuracy, but the oxygen values, in contradistinction to those obtained 
for the kidney, were as a rule unreliable. The gaseous metabolism of 


tortoise heart muscle is less than half as great, as that of an equal 


weight of mammalian kidney at the same temperature, whilst the heart 
of an average Testudo graeca weighs less than 2 gm., as against the 
7 gm. or more of the rabbit kidney. Hence the oxygenated saline’ was 
perfused at a slow rate, generally 15 to 30 cc. per hour. In order to 
record the heart beats, a hook was fixed in the heart apex, and attached 
to a thread running under a small brass pulley resting on the bottom of 
the measuring cylinder, and thence upwards to the writing lever. This 
necessitated the apex of the heart being 1°5 to 2 cm. aboye the cylinder 
bottem, and so the perfused saline, as it issued from the sinus venosus 
of the beating heart, frequently sank in single drops through. the 
petroleum before it collected as a layer beneath. This large exposure 
of surface caused its oxygen content to approach equilibrium with that 
of air-saturated petroleum, whatever it may have been when it issued 
from the sinus, In order to make certain that the heart muscle was 
adequately oxygenated, the saline was generally perfused at such a rate 
that the issuing fluid contained 1 c.c. or more of oxygen per cent. (air- 
saturated saline containing about 7 c.c.) and so the oxygen absorption 
values obtained were generally too high. However, the CO, values are 
not affected by this source of error as was proved by control experiments, 
for the gas remains chemically combined with the salts in the Ringer's 
solution. 

The cylinder containing the beating heart was placed in a beaker 
containing 1300 cc. of water, the temperature of which was kept 
practically constant by the radiation from a glow lamp placed 4 to 20 
inches away.. By this means the temperature of the heart was kept 
constant to within a degree during the whole time its respiration’ was 
being measured. All the experiments described below were carried out 
at approximately the same temperature, viz. 18° C. 185 
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The Effect of with. Ringer's Solution. 


Perfusion experiments with tortoise hearts were made by Gaskell: 
in 1883, his perfusion liquid being a mixture of 1 part of sheep’s blood 
and 2 of saline. However he made but little use of the method. La 
Fra noa“ has recently experimented with the heart of the water tortoise, 
europaea, which he perfused with unoxygenated Ringer's solution. 
The hearts continued to beat for 23 to 29 hours, but the amplitude of 
contraction rapidly fell; eg. from 50 mm. ta 9 mm. in 54 hours, or in 
another heart from 90 mm. to 4 mm. in 16 hours. Probably this 
somewhat rapid deterioration was due to lack of oxygen, for I found that 
on perfusion with oxygenated saline containing 75% NaCl, 01 °/, 
NaHOO,, 024% CaCl, and 021 to 042°/, KCl, the heart (both of 
Testudo and of Emys) continued to beat with but slightly diminished 
vigour for two or three days. In the best result obtained the Testudo 
heart (2˙1 gm. in weight) beat continuously for more than 105 hours. 
The average heights of contraction during various periods on the five 
days over which it was recorded are given in the table. The magnifi- 
cation by the lever of the actual heart shortening was tenfold in this 
experiment. 


Exp. 1. — per hour 
1g— 4 hours 38˙0 mm. 12-0 81 0.0. 
4 — 63 34˙6 118 79 
ee | 64— 83 32-5 10-7 64 
32-0 9˙5 58 
234—26 38-0 6-4 47 
and day 26 31 34-0 5˙7 45 
81 —352 82-0... 41 
474—513 340 4˙7 46 
ard day 514—55} 31˙5 4˙2 46 
554-503 90˙5 3˙9 47 
71 —74} 24˙3 3˙7 52 
* 28 ˙5 41 68 
5th day 944-105 70 8-7 — 


The ‘contraction height fell during the first 12 hours’ perfusion from 
41 mm. to 32 mm., but next morning it had increased again to 41 mm. 
Probably, this revival was due to the temperature of the heart being 
allowed to fall during the night to that of the laboratory, generally 
about 1. On the afternoon of the fifth day of the experiment only 


1 Gaskell. This Journal, tv. p. 58. 1883. 
2 La Franea. Arch, di Fisiol. vi. p. 358. 1909, | 
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about two-thirds of the ventricle was contracting, the remainder being 
apparently dead. Next morning the whole heart was dead. 

Though the force of the heart beat remained nearly constant for 
three days, its rate of beat was maintained for only about eight hours. 
Thence to the end of the experiment it diminished gradually and fairly 
regularly. The CO, output of the heart was measured for the first four 
days, and the values obtained, corrected to O C. and 760 mm., are given 
in the table, and are likewise graphically represented in Fig. 1. In this 
heart the respiration was better maintained on the first day than in 


80 
8 
3 
* 
70 
8 
Seo} 
Fig. 1. 
2, Tine of 42 
1 — 39 hours 38-0 mm 18°83 76 b. o. 
lst day 32— 74 36˙0 10°5 55 
71103 36-5 6°5 42 
23 —26} 46-0 10-8 51 
264—29 8-8 49 
293—32} 38-0 8-0 46 
32}—35} 38-5 6˙2 44 
48}—514 87°7 5-9 66 
ard day 514—543 32°5 45 85 
543-—58} 28°5 2˙4 94 
703—T74 26°7 6-6 
4th 
74 —83, 18-7 63 
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any other investigated. It fell gradually during the first two days, but 
on the third day it showed a slight rise, and on the fourth day a more 
considerable rise. This increase of respiration was almost certainly due 
to the putrefaction of portions of the cardiac tissues, for in the second 
record given in the figure it will be seen that on the third day of 
experiment the CO, output underwent an enormous and progressive rise, 
and daring the 55th to 58th hours of perfusion was considerably greater 
than at the beginning of the experiment. This putrefactive rise could 
not have been due to fouling of the measuring cylinder in which the 
heart was beating, as it was thoroughly cleaned every morning, whilst 
the brass pulley under which the lever thread worked was boiled, dried, 
and dipped in melted paraffin so as to diminish corrosion. 

The second record in Fig. 1 was obtained with a heart perfused for 
the first 29 hours with Ringer's solution. During the remainder of the 
experiment Ringer's solution containing 1% of glucose was substituted, 
but neither in this or in two other experiments in which it was tried did 
the sugar seem to have any favourable influence on the CO, output of 
the heart, or on its height and rate of contraction, as it does in the 
mammalian heart’. 

In this and many other experiments the rate of beat of the fresh 
heart fell off somewhat rapidly during the first few minutes of perfusion, 
and then remained nearly constant for hours. For instance, this heart 
was beating at 18 per min. a quarter of an hour after perfusion, but only 
at 136 per min. an hour after. The depression of rate was probably 
due to an excess of potassium salt in the perfusion liquid. The amount 
of KCl present in it, viz. 042 %, was used by Locke for perfusing the 
mammalian heart, and is based on Abderhalden’s analysis of the ash 
or rabbit’s serum. Ringer“ himself added only 0075 % of KCl to his 
fluid, but I think that probably the most suitable concentration for the 
tortoise ventricle lies somewhere between these extremes, To test the 
point, a fresh Emgs heart was perfused for eight consecutive one to two 
hour periods with saline containing 75% NaCl, 024% CaCl,, 01% 
NaHCO,, and variable amounts of KCl. The following data show 
the mean height of contraction and rate of heart beat during each 

Making allowance for the gradual diminution in the height of 
contraction and. rate of beat during the day, these data show that 

1 Of Locke. Centralb. f. Physiol. Xv. p. 670. 1900; Locke and Rosenheim. 


This Journal, XxXVI. p. 205. 1907. 
* Ringer. This Journal, rv. pp. 29 and 222. 1883. 
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021 / KCI is a better concéntration in the saline solution than either 
0105 ½ or 042 /, The latter concentration not only depressed the 
contraction height, but distinctly slowed the rate of beat. Substitution 
of saline containing no KCl a caused the rate of beat to increase 


— KOT 1 hoa mom 
” * 0105 ” 1 ” 81°38 207 
„ 34˙6 
” * 01056 lg ” 83-0 18˙⁵ cf 


from 15 4 up to 18:4 during the first 15 minutes, whilst the contraction 
height increased from 25 mm. up to 30 mm. during the first 4 minutes, 
and then gradually deteriorated. Even after an hour, however, it had 
fallen only to 17 mm., whilst after 14 hours it was 6 mm. A repeti- 
tion of this experiment on a Testudo heart gave an even slower response 
to withdrawal of potassium salts. The heart had previously been 
perfused with saline containing 042 / KCl and the contraction height 
was 45 mm. and rate of beat 11°38 per min. After 30 minutes of 
saline without K salts the contraction height had risen to 56 mm. It 
then gradually sank, and 2} hours later was only 9 mm. Meanwhile 
the rate of beat rose first to 17°8, and then sank to 141. However, it 
is possible that the salts used in making up the solutions may have 
contained traces of potassium salts, as they were not specially purified. 
Howell! obtained a similar result with strips of muscle cut from the 
lower two-thirds of the ventricle of the terrapin, for he found that such 
strips, when immersed in a solution containing 7 /, NaCl, 01 to 02°/, 
Cale, but no K salts, gave spontaneous beats of gradual diminishing 
amplitude for 4 or 5 hours. 

The third curve given in Fig. 1 was obtained with a heart perfused — 
throughout with saline containing 021*/, KCl. The respiration was 
not so well sustained as before, but it is probable that this had 
nothing to do with the lesser percentage of potassium salts, for the 
experiment was made in January, when tortoises are not in such good 
condition as in August and September, the months i in whieh the it 


1 Howell. Amer. J. Physiol. v1. lel. 1903. 
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two experiments were err The data obtained are given in the 


1 — 83 hours 40mm. . 124 80 6.0, 
38-0 82 29 
and day | 295 N 
Srdday 48}—54} 13-8 


It will be seen that between the 48th and Bath hours of petfusion 
the CO, output of the heart was only 18 c.c. per kgm. per hour, or less 
than a third the initial output. Of course it is possible that part of the 
cardiac tissue was dead, and giving out little or no CO,, but this is not 
probable as the heart was still beating feebly next day, after 72 hours 
perfusion. Hence it looks as if continued vitality is not inconsistent 
with a reduction of the gaseous metabolism to a quarter thé normal. 
The fourth result recorded in Fig. 1 seems to show that it can sink to 
an even lower figure. The heart, which weighed 4°5 gm. (the largest 
obtained), was perfused with Ringer's solution containing ‘05 °/, dextrose, 
and it had an initial contraction height of 60 mm. (magnification 8-fold). 
Two hours later its contraction height was 36 mm., and the heart began 
to pass into tonic contraction. This condition steadily increased, till, 
124 hours after the beginning of perfusion, the heart lever had risen 
45 mm, above its original level, and the heart now had a contraction 
height of only 10 mm. Still the heart did not seem to be passing into 
rigor mortis, for next morning, though the tonic contraction had increased 
to 58 mm., the contraction height was 19 mm. Bareroft and Dixon“ 
found that a dog’s heart which gave shortened contractions owing to its 
tonic condition, had a much greater gaseous metabolism than when the 
tonus diminished and the contractions became in consequence nearly 
trebled in height. In the present experiment, however, the CO, output 
during the 1 to 44 hour perfusion period was only 26 c.c. per kgm. per 
hour; in the 43 to 9 hour period, 14°6 c., and in the 9 to 124 hour 
period, 13:0 c.c.: 1.6. the heart, though in a state of great tonus, had a 
gaseous metabolism only a sixth the normal. The whole heart seemed 
to be beating well in this experiment, though one can never in any case 
be certain that every part of the cardiac tissue is reached * the N 


liquid. 


1 Bareroftand Dixon. This Journal, xxxv. p. om 1906. ° 
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The Influence of Serum. 


Kronecker’ and his pupils Martius and Von Ott maintained 
that only fluids containing serum albumin could adequately sustain the 
contractility of the frog’s heart. Ringer“ confirmed this conclusion, 
and found that the addition of 1% of whipped blood to the circulating © 
fluid maintained contractility for more than 24 hours. Guthrie and 
Pike? found that the mammalian heart was better sustained by Locke’s 
solution to which 10 to 25% of blood serum had been added than by 
the saline solution alone. Also I found‘ that Ringer’s fluid to which 1% 
of rabbit’s serum had been added maintained the gaseous metabolism of 
the rabbit’s kidney very much more efficiently than Ringer's solution 
alone, hence I imagined that the tortoise heart would likewise be 
favourably influenced by the addition of serum to the perfusion medium. 
The first experiment made lent some support to this view, for it will be 
seen from the data in the table that the initial CO, output of the heart 
was distinctly higher than that observed in previous experiments, and 
that it was well maintained not only during the first day, when 1% of 
tortoise blood serum had been added to the perfusion saline, but also 
during the next day, when only 5% of the serum was added. 


1— 2} hours 40°0 mm. 6-0 94 6.0. 
ist day 53 84-0 8˙6 78 
53— 94 35˙5 113 88 
26 —29 No contraction — 78 


However, the contractility of the heart by no means corresponded 
with its gaseous metabolism. On the second day the contraction height 
began at 30 mm., but then rapidly dwindled, and 264 hours after the 
beginning of the perfusion the heart stopped beating altogether. 

In the next experiment the heart was perfused throughout with 
oxygenated Ringer's solution to which 1% of tortoise blood serum and 
‘1*/, of dextrose were added. However, the CO, output was no better 
maintained than in hearts perfused with saline alone, whilst on the 

‘Martius. Du Bois-Reymond’s Arch. p. 474. 1881. Kronecker and Von Ott. 

bid. p. 569. Martius. Ibid. p. 548. 1882. 

* Ringer. This Journal, v1. p. 861. 1885, 


Guthrie and Pike. Amer. J. Physiol. xvi. p. 14. 1907. 
Vernon. This Journal, XXXVI. p. 81. 1907. 
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second day it was not so well maintained. Also the contraction height 
of the heart rapidly dwindled on both the first and second days, but the 
heart was still beating feebly on the third day. Hence these two 
experiments seem to show that the tortoise heart, unlike the mammalian 


hours 534mm. 10-4 79 0.0. 
Ist day 29— 5} 89°0 55 
8} 35-8 6-7 39 
84—12 28:8 6-6 42 
and day 244—28} 15°5 9-0 34 
281322 10°3 91 33 


and the frog heart, is not favourably affected by the presence of serum 
proteins, Such a distinction is highly improbable, so presumably the 
serum contains toxic bodies shed from the disintegrated leucocytes or 
other formed elements of the blood. 

Tortoise blood clots so slowly that it is quite easy to centriſugalise 
it before coagulation, and so obtain plasma. One attempt was made to 
perfuse a heart with Ringer's solution containing 1% of this plasma, 
bat the fluid would scarcely perfuse at all, probably because the plasma, 
by coagulation, rendered the saline viscous. 

We have seen that the initial CO, output of tortoise hearts perfused 
with saline was 60 to 81 c.c., and of those perfused with serum saline, 
79 to 94 c. These are considerably higher figures than those obtained 
by Di Cristina’ for excised frogs’ hearts (R. esculenta). The average 
consumption of oxygen at room temperature, as measured by a Thunberg 
microrespirometer, amounted to 28 c.c. per hour per kgm. 

The relationship between the CO, output and the functional activity 
may be briefly referred to. The two principal criteria of functional 
activity, viz. amplitude of contraction and rate of beat, can be separated 
in most of the experiments, as the one remained nearly constant over 
long periods, whilst the other rapidly dwindled. In the first experiment 
quoted in this paper, the mean contraction height varied only from 32 
to 38 mm. in the first two days of perfusion, whilst the rate of heart 
beat began at 120 per min. and gradually sank to 5°5. Synchronously 
with the diminution of heart beat, the CO, output fell from 81 c.c. per 
hour down to 41 de., or the quotient ae I ol amounted to the 
following values, viz. 67, 6°7, 60 and 6˙1 in the four successive intervals 


1 DiCristina. Arch. di Fisiol. v. p. 347. 1908. 
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over which it was measuted on the first day, and to 73, 79 and 7-4 in 
those on thé second day. No réliance ean be placed on the CO, output 
values obtained on subsequent days, because of the onset of putrefaction. 
In the second experiment the quotients amounted to 57, 5°2, 6°5, 47, 5°9, 
57 and 7°1 respectively for the successive intervals during the first two 
days, or showed fair similarity. In the third experiment the quotients 
amounted to 4°1, 34, 42 and 47. Hence these three experiments seem 
to show that when the amplitude of contraction of the heart is nearly 
constant, the CO, output varies in direct propertion with the rate of 
contraction. 

No very good evidence was obtained as to the influence of the 
height of contraction upon. the CO, output, but in the fourth experiment 
quoted previously the contraction height fell rapidly during the course 
of the day, viz. from 330 mm. down to 10°5 mm., whilst-the rate of beat 
fell only moderately (from 6°7 to 45). The CO, output fell from 26 c.c. 
down to 13 c., so probably the larger part of this deterioration was due 
to diminished force of the heart’s contraction. Again, in the second of 
the two.experiments in which the heart was perfused with saline 
containing serum, the contraction height fell from 29 mm. down to 
10 mm. between the 84 to 32} hour periods, and though. the rate of 
heart beat had increased from 6˙¹ to 9°1, the 5 * fell from 42 c.c. 
to 33 0. a. 


The of Mercurie Chloride. 


Sialts of the heavy metals, such as mercuric chloride, enter * stable 
combination with certain of the constituent groupings of living proto- 
plasm, and must thereby prevent them from functioning. As shown iu 
my .previous paper, the poison does not seem to exert a direct effect 
upon the respiratory. powers of kidney tissue, for after perfusion for 
half an hour with saline containing 01 to 40% uf HgCl,, a third to a 
half of the gaseous metabolism is still retained, and suffers no further 
diminution during 10 hours’ continuous perfusion. It might be argued 
that in such a case the kidney cells were still alive and capable of 
functioning, so direct evidence as to the action of the poison upon 
fanctional power was sought by experiments upon the tortoise heart. 

IT The experimental results obtained undoubtedly show that the action 
‘of the: poison is indirect and not direct like that of NaF and other 
Poisons; described below, In one experiment a fresh Testudo heart 
weighing 1°43 gm., after half an hour's perfusion with saline, was per- 
fused for 51 minutes with Ringer’s fluid containing 01% HgCl,: 30 cc. 
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of the liquid perfused, and yet the heart continued to beat for 5} houts 
after the poisoning. As can be seen from the table, the HgCl, solution 


Time of H Beats . 


Perfusion liquid of contraction per minute kgm. per hour | 

mins. % jj. 44mm. 1174 

Ringer’s solution ct — 

14 „ 55 $3 

88 „ 41 50 — 
IN 10 „ Ringer's solution R 3˙6 — 
” 34 ” 9 2˙ 
8 12 82 
4% 30 30 4 15 : 
44—8} hours * — — 23 
84—112 * ” 15°5 


was first perfused for 4 minutes, but owing to the pressure being too 
high, 10 c.c. of it ran through the heart vessels in this short time, and 
the heart stopped dead. Ringer’s solution was substituted, and the 
heart beat regularly again after 13 minutes, The HgCl, was then per- 
fused slowly and regularly for 47 minutes, during which the contraction 
height fell from 52 mm. down to 21 mm. Then Ringer's solution was 
substituted, and the beats became rapidly feebler. In spite of the 
feebleness of the contractions during the 1 hr. 34 m. to 4 hr. 30 m. 
period, the CO, output amounted to 32 c.c. per hour per kgm. In the 
next period the heart was not beating at all for four-fifths of the time, 
and yet the CO, output was 23 cc. It continued to sink slowly in the 
next period, but it is evident that a moderate amount of respiratory 
activity on the part of the cardiac tissues must have been retained for 
many hours after the absorption of the very large dose of mercuric 
chloride. 

It will be noted that the unpoisoned heart was giving 17°6 beats 
per minute, whilst the first dose of HgCl, reduced the rate to 33 per 
minute, and the second dose to as low as 1°2 per minute. An even 
more striking result of this kind was obtained with an Emys heart, and 
portions of the record obtained are reproduced in Fig. 2. The heart, 
weighing 6 gm., was perfused for 10 minutes with 8 c.c, of 001 / HgCl, 
solution, and the contraction height was thereby reduced from 47 mm. 
to 29 mm. It subsequently increased gradually to 47 mm., and then 
sank again, but two hours after the poisoning it was still 35 mm. The 
initial rate of heart beat was 21 per minute, and this rate was main- 
tained practically unaltered for 20 minutes after the poisoning. Then 
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the rate suddenly dropped from 22°8 down to 11°8, and 19 minutes later 
it had fallen to 63 per minute. Half an hour later it had fallen to 1°6 
per minute, and it continued to beat at this rate, with undiminished 
vigour, for an hour or more. The contractions then got less forcible, 
and the heart stopped beating entirely at some period 34 to 4} hours 
after the poisoning. It was pinched several times with forceps, and 
at first gave a single response to each stimulus. Then it began beating 
spontaneously again, and went on beating for 6 hours or more. The 
rate of beat quickly increased to 14 per minute, and remained high for 
the rest of the experiment. This proves that the action of the HgCl, 
in enormously slowing the heart beat is not permanent and irrevocable, 
and so the induction of such slowing is not a diagnostic indication of the 


22 
7 8 h. 15’ 6h. 0 5 h. 7’ 7 h. 0 9 h. 80’ 


Fig. 2. x4. Elect of perfusion with Ringer's solution for 9 h. 80’, subsequent io 
poisoning for 10 with 001 HgOl,. Time marker 10”. | 


4 | 
| 
| 
Ringer's 001 % Ringer’s 21’ 40’ 5a’ 
3 solution HgCl, solution 
10’ 12’ 
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poison. Nor is the sudden slowing sometimes produced by this and 
other poisons due to a special action on the sinus tissue or auricular 
tissue, as distinct from the ventricular tissue, for Gaskell’ has shown 
that removal of the sinus does not as a rule influence the cardiac rhythm 
at all, whilst a strip of muscle from the apex of the ventricle may like- 
wise beat as quickly as the sinus. 

In another experiment with a Testudo heart (3˙9 gm.), 10 C. of 
‘005 % HgCl, saline were perfused in 30 minutes. The heart had 
already been perfused for 26 hours, but it was beating vigorously, 
The immediate effect of the poison was to reduce the 
contraction height slightly, but the rate of beat increased. Subse- 
quently the contraction height steadily diminished till 54 hours later it 


24 hours Ringer's solution 51 mm. 108 
25% 52 5-4 51 . 0. 
26 005 % Hgol, 51 5˙7 
264 Ringer’s solution 43 9˙0 — 

27 40 

283 es 21 6-2 50 
30 ” 7 6°4 

31} 5 5 5-0 30 
323 ” 3-0 6˙3 

333 9 30 50 20 
364 55 2˙8 6˙0 

48} 2˙8 10˙2 ate 
523 * 2°0 4-2 


had fallen to 3 mm. From this point onwards it kept nearly constant 
for as long as the heart was under observation (another 20 hours). The 
CO, output of this heart before the. poisoning was rather above the 
average of normal hearts, though it had the previous day been poisoned 
for 75 minutes with 01 % formaldehyde, The immediate effect of the 
HgCl, upon its CO, output was practically nil, but with diminution of 
contraction height a steady fall of the gaseous metabolism ensued. 

Of the other experiments upon the action of HgCl, but little need 
be said. A Testudo heart weighing 1°57 gm. was perfused for 26 
minutes with 17-5 c. of 01 % HgCl,. This proved too big a dose for 


it, as its contraction height became immediately reduced from 17 mm, 
to 2 mm., and 19 minutes after Ringer's solution had been substituted 
it stopped beating altogether. In two other experiments Emys hearts 
were poisoned with very similar amounts of HgCl, to that used for the 
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mys heart experiment previously quoted. The contraction height was 
cobsiderably reduced, but the hearts continued to beat for as long us 
* were under observation, is. for 4 hours and 12 hours respectively. 

The experiments with mercuric chloride, taken as & whole, prove 
e that the poison has no direct action upon the mechanisms 
immediately associated with the contractile and respiratory: powers of 
éardiac tissue. The poison becomes firmly bound up in the cellular 
protoplasm, and indirectly exerts a slow but ultimately fatal action upon 
itd vital processes. It is true that the HgCl, began to produce some 
efféct upon the cardiac tisstie very soon after perfusion was begun, but 
in che firdt of the experiments recorded the height of contraction was 
notdiniinished at all by the considerable initial dose of the poison, whilst 
in the second experiment the rate of beat was not influenced till half an 
hour after the beginning of the poisoning. Moreover in this experiment 
the diminution produced in the contraction height during the perfusion 
with the HgCl, solution was only temporary, and 40 minutes later the 
heart was beating with its initial force. However, the later history of 
this and other hearts poisoned with HgCl, proves that there was no 
genuine and complete recovery such as was experienced when the 
poisons described in the subsequent sections of this paper were 

The Action of Sodium Fluoride. 

In my previous paper I showed that when the kidney was poisoned 
for half an hour with 1 to 1 °/, of sodium fluoride; and was then per- 
ſused with Ringer's solution, its gaseous metabolism ‘was low at first 

to 52 c.c.), and then rose in the next three hours or so to a maximum 

77 to 94 c.c., or the same value as that of normal unpoisoned kidneys. 
Hence after a similar poisoning one might expect the heart to recover, 
not only its respiratory powers, but its contractile powers as well. 

Cardiac muscle proved to be more sensitive to the action of sodium 
fluoride than the kidney, but with suitable concentrations the heart can 
be nearly stopped from beating, and subsequently show perfect recovery. 
The most striking result of this character was obtained with an Emys 
heart. On perfusion with oxygenated Ringer's solution containing 
05 7. ‘Naf, ‘the contraction height fell in 6 minutes from 29 mint: to 
3’ mm. Saline was substituted, and 5 minutes later the heart had 
recovered perfectly, its contraction height being 30 mm. Half an hour 
later it was again poisoned with 05 / NaF, this time for 20 minutes. 
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Its'contraction height was lowered from 31 mm. to 8 mm., aud rate of 
beat from 20% per min. to 17 per min: On perfusion. with saline 
recovery quickly ensued, and 43 minutes later the contraction height 
was 36 mm., and the rate of beat 12°7 per min. Four hours later the 
heart was poisoned with 05% NaF for 30 minutes, and the contraction 
height thereby reduced from 26 mm. to 7 mm., and the rate of beat 
from 146 per min. to 14 per min. Perfusion with saline quickly re- 
stored the contraction height to 28 mm., and the rate of beat to 12˙5 
per min. Later on the heart was poisoned a fourth time with 05 / NaF, 
and, after a perfect recovery, with 02°/, NaF. Next morning it was 

with 2% NaF for 5 minutes. This reduced the contraction 
pi 4 from 28 mm. to 8 mm., and permanently injured the cardiac 

Thus subsequent perfusion with saline quickly restored the 
pest height to 6 mm., but then the beats got feebler again and 
never recovered, power, though the heart was still beating weakly 
24 hours later: 


0 mins. 03 ʃ NaF 81 mm 23°7 — 
Al „ 15 24˙2 — 
1 hr. 40 „ 06 / NaF 9 85 — 
3 4 72 — 
Ringer's solution 1% 7% — 
2 „ 20 „ ” 6 82 
2 „ 36, „ 10 ea 
Woe 
5 „ 51 „ 17 
8, „ ” 20 8 ˙¹ 12 
23 ” 30 129 — 


With the. heart of Pestudo no such repeated and n recovery 
was obtained as this, but the conditions of poisoning were more severe. 
A heart weighing 1:57 gm., after half an hour's perfusion with Ringer's 
fluid, was perfused fur 100 minutes with 52 cc. of saline containing 

03 % NaF, and then for 39 minutes with saline containing 0 , NaF. 
The contraction height was reduced from 31 mm. to 1‘5 mms but on 
perfusion with Ringer's solution recovery at once began. That the heart 
was not permanently injured by the poison is shown by the fact that 
next morning it had practically regained its initial foree of contraction. 
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The CO, output of the heart, during its recovery from the poison, was 
nearly as large as that of unpoisoned hearts, so the poison did not 
affect the contractile and the respiratory powers of the cardiac tissue 
to the same relative degrees. a 
In another experiment on a Testudo heart (1-7 gm.), after an initial 
40 minutes’ perfusion with Ringer's solution, saline containing 1 7 NaF 
was substituted, and 62 c.c. of it were perfused in the next 40 minutes. 
This proved to be an injurious though not a fatal dose of the poison. 
The heart never actually stopped beating, but the beats became so small 


Perfusion liquid — * 
0 mins. 1% NaF 54 mm. ~ 18° — 
21 8°5 — 
20 „ ” 10 70 — 
sere Ringer's solution 2 70 — 
1 br. 0 „ = 6 14°2 
2 „ 84 „ ” 2˙3 10°8 
8 „ 28 2°3 17°2 
4 0 ” 34 16°4 44 
6 ” 10 ” ” 80 17°65 
7 „ 2 „ 1 3˙⁰ 19°8 
23 2˙5 22-0 189 47 
2˙3 15˙0 
20 „ „ 5 14˙4 


that they could scarcely be registered, and were less than 1 mm. in 
height after 2 hours’ perfusion with Ringer’s solution. The lack of 
good recovery of contraction height was probably owing to the heart 
passing into a pronounced and permanent tonic contraction. The 
shortening began 5 minutes before the -1°/, NaF was replaced by 
Ringer's fluid, and continued steadily for 20 minutes. The lever became 
raised 96 mm., or there was an absolute shortening of the heart of 8°7 
mm. Probably this tonus was largely responsible for the CO, output of 
the heart, which ultimately reached that of normal unpoisoned hearts 
in spite of the smallness of the contractions. It will be noted that the 
rate of heart beat was fully restored in this experiment, though not in 
the previous one. 

These two experiments therefore agree with those made upon 
kidneys in showing that the NaF does not permanently depress the 
CO, output below that of the unpoisoned tissues, but the results obtained 
are not so striking, by reason of the quicker recovery of the cardiac 
tissue, The great variation in the rate of restoration of poisoned tissues 
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is well shown by comparing the heart of Testudo with that of Emys, for 
the former may take more than ten times longer to recover than the 
latter. Thus in addition to the experiments already quoted, perfusion 
of a Testudo heart for 77 minutes with 025% NaF reduced the con- 
traction height from 15 mm. to 2 mm., and after 48 minutes of Ringer's 
solution if had recovered a (maximum) contraction height of 9 mm. 
On the other hand an Emys heart, when perfused 30 minutes with 
05 / NaF, had its contraction height reduced from 38 mm. to 1 mm., 
but substitution of Ringer’s solution caused a (maximum) recovery of 
17 mm. in 3 minutes, 


The Action of Formaldehyde. 


The action of formaldehyde upon the respiration of the kidney is 
remarkable in that the poison paralyses the CO,-forming mechanism 
much more than the oxygen-absorbing mechanism. Respiratory 
quotients of 38 to 58 were obtained during the first two hours after 
poisoning with 1 to 5% formaldehyde, but on further perfusion with 
Ringer's solution the quotients gradually rose after several hours to the 
normal, and the CO, output likewise increased in some cases nearly to 
the normal, Hence one might expect that cardiac muscle, if it recovered 
its contractile properties at all after poisoning, would recover them but 
slowly. 

The tortoise heart is apparently more sensitive to formaldehyde than 
kidney tissue, but it can recover perfectly from the action of 05 % of the 
poison. Thus an Emys heart (6 gm.) was perfused for 15 minutes with 
3 cc. of 05°/, formaldehyde saline, and its contraction height thereby 
reduced from 29 mm. down to zero. The heart remained motionless 
for 50 minutes, and then gradually recovered, till after 44 hours of 
perfusion with Ringer’s fluid its contraction height was 37 mm., and 
its rate of beat 11°0 per min. as against an initial rate of 177 per min. 
A second poisoning for 26 minutes with 5 Cc. of the 05°/, formaldehyde 
caused the heart to stop beating for about 100 minutes, but then it 
gradually recovered and after 5 hours’ perfusion with saline had a 
(maximum) contraction height of 23 mm. Next morning the heart was 
poisoned again with 05 / formaldehyde, this time for 10 minutes. The 
heart never quite stopped, but its contraction height was reduced to 
‘5mm. It gradually recovered, and 64 hours later reached a maximum 
height of 20 mm. The heart continued to beat another 36 hours, in 
spite of being acted on by various other poisons, so the formaldehyde 
can have done no harm whatever to its vitality. 
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Preliminary experiments with the heart of Testudo seemed to show 
that it was more sensitive than that of Ems, so the effect of 01% 
formaldehyde upon its respiration was investigated. The heart (3°86 
gm.), after an hour's perfusion with Ringer's solution, was perfused for 75 
minutes with the poison, and the contraction height thereby reduced 
from 68 mm. to 2 mm. Also, as can be seen in Fig. 3, the heart de- 
veloped a good deal of tonus, though as a rule there was little or 
none. No apparent recovery ensued during the first 20 minutes or 
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01 % form- formal - formal] - Ringer's 87’ 
dehyde dehyde solution 
55’ 75’ 16’ 


1 h. 9 1 h. 40 2 h. 89’ 8 b. 42’ 5 h. 4 8 h. 3’ 


Fig. 3. . Effect of perfusion with -01°/, formaldehyde for 75’, and of subsequent 
perfusion with Ringer’s solution for 8 hrs, 3’. | 
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more of perfusion with Ringer's solution, but then the contraction height 
increased with great regularity for the next 3} hours, when it reached 
its initial value. Then it increased more slowly for the next 4} hours, 
and finally surpassed its initial value by 8 mm. The mean values in 


the table represent the averages of a much larger number of individual 
measurements than those actually given. 


Time ot Height of Beats 
perfusion 


Perfusion liquid contraction per minute kgm. per hour 
0 mins. 01 % formaldehyde 63 mm. 119 — 
52 10°8 — 
26 92 — 
55 „ 7 9-0 
1 hr. 15 „ Ringer's solution 2 76 — 
* 12 58 
2 ” 24 ” ” 25 89 
3 „ 34 „ 15 53 50 
63 bars 57 {se 34 
„ „ 68 66 
7 ” 35 5 ” 67 68°0 6°4 69 63 
9 18 ” 71 72 
22 „ 3 „ 5 46 15°7 


The effect of formaldehyde upon the gaseous metabolism of the 
heart seems to be very similar to that observed in the kidney. The CO, 
output was quite low during the first interval over which it was measured, 
in spite of the fact that the heart was contracting well most of the time. 
Then it rapidly increased, till in the third interval it was above that of 
normal unpoisoned hearts. As already stated, not much reliance can 
be placed on the respiratory quotients obtained with tortoise hearts, but 
the values actually found for the three intervals, viz. 31, 50 and 74 
respectively, are in close agreement with those yielded by formaldehyde- 
poisoned kidneys. 

A number of other experiments with formaldehyde were made on 
Emys hearts, but none of them gave so good results as the one 
above recorded. Perfect recovery from a poisoning with 02 % form- 
aldehyde was obtained with two different hearts, but a third heart showed 
very imperfect recovery from 04 % formaldehyde. A Testudo heart 
which had been perfused continuously with saline for 54} hours, and of 
which the CO, output had fallen to 18 ¢.c, per hour, was poisoned for 
35 minutes with 19 c.c. of 01% formaldehyde. Saline was substituted, 
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and between the 56th and 59th hours of perfusion the CO, output was 
found to be 10 cc. per hour. The average contraction height of the 
heart during this interval was 31 mm., and the rate of beat 73 per 
minute, whereas in the interval before the poisoning the contraction 
height was 14 mm., and the rate of beat 8˙4 per minute. This CO, out- 
put of 10 cc. per hour per kgm. is the lowest value obtained for a beating 
heart and is of interest as showing how small is the metabolism com- 
patible with continued functional activity. 


The Action of other Poisons. 

In the paper already mentioned I showed that if kidneys were poisoned 
with hydrocyanic acid or with acid sodium sulphite, they reacted in the 
same way as kidneys poisoned with sodium fluoride. They had at first 
a small gaseous metabolism, but one which increased gradually in the 
course of perfusion, and which might ultimately reach that of normal 
unpoisoned kidneys. All of the other poisons investigated (various 
alkalis, acids, phenol and chloroform), with the exception of formaldehyde, 
_ permanently depressed the gaseous metabolism, and the kidneys showed 
no increase of respiration on prolonged perfusion with saline. Now it 
is known that HCN, NaF and NaHSO, can all form unstable additive 
compounds with aldehydes, and in accordance with Loew’s hypothesis 
of the existence of aldehyde groupings in living tissues it seemed 
probable that these poisons temporarily paralyse tissue respiration by 
combining with certain tissue aldehydes which are essential to respira- 
tory processes, The other poisons investigated, which had a permanent 
destructive action, were supposed to act on the living tissues in some 
other, but at present unknown, manner. If this hypothesis is to hold 
water, one would expect to find the two groups of poisons exerting a 
differential action on cardiac tissue. How far this is the case I hope 
to show in a subsequent paper. It is quite easy to poison the heart 
with HCN and NaHSO,, and get perfect recovery afterwards, but one 
can also temporarily poison the heart with suitable strengths of acids 
and alkalis, chloroform and other substances, and in their case likewise 
obtain a perfect recovery. | 

Attempts were made to estimate the action of NaHSO, on the CO, 
output of the heart, but the method proved unsuitable, as small quantities 
of this poison and of HCN continue to break away from the tissues for 
hours after the poisoning. Still there can be no doubt that these two 
poisons temporarily depress the CO, output of the heart, just as they 
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depress its contractile properties, only their action is more transitory 
than upon kidney tissue. Thus Emys hearts can be poisoned over and 
over again with HCN, and their beat completely stopped, but they 
recover perfectly after 30 to 40 minutes’ perfusion with saline. One 
heart recovered perfectly after each of four successive poisonings of 7 to 
20 minutes’ duration with 04% HCN, but as a rule this concentration 
acts rather injuriously. The recovery from NaHSO, is equally quick, 
though only perfect if low concentrations (05 ) of the poison are used. 


SUMMARY. 


_ Tortoise hearts, when perfused continuously with oxygenated Ringer's 
solution, retain their vitality for as long as 105 hours. The initial 
amplitude of contraction is maintained for two or three days, but as a 
rule the rate of beat gradually diminishes throughout the experiment. 
Synchronously with the rate of heart beat, the CO, output falls from its 
initial value of about 80 c.. per hour per kgm. down to about 50 c.c., 
and it keeps at 40 to 50 c.c. from about the 9th hour of perfusion to the 
50th hour. Then it gradually rises, owing to the onset of putrefaction 
in parts of the perfused heart. A heart may continue to beat with 
moderate vigour, and have a CO, output of only 13 c. per hour per 
kgm. : 

The addition of tortoise blood serum to the perfusion liquid does not 
improve its sustaining power, nor does the addition of 1% of dextrose. 
Ringer's solution containing 021°/, of KCl gives a better result than 
that containing either half as much or double as much of the K salt. 

Mercuric chloride does not directly affect the contractile powers of 
cardiac tissue. Thus perfusion for 51 minutes with saline containing 
01% HgCl, did not cause cessation of beats for 5} hours, whilst the 
heart maintained a moderate CO, output for many hours after. A 
smaller concentration of the poison may have little or no immediate 
effect on the heart, but later on the poison, in addition to reducing the 
amplitude of contraction, may reduce the rate of beat very greatly, 
sometimes to as low as 1‘2 per min. 

Sodium fluoride immediately depresses the contractility of cardiac 
muscle, and in a few minutes nearly stops the beats, but does no perma- 
nent injury. Thus a heart was perfused on four successive occasions for 
6 to 30 minutes with saline containing ‘05°*/, NaF, but it always showed 
a perfect recovery on perfusion with Ringer's fluid. However, greater 
concentrations of NaF, e.g. ‘2°/,, permanently injure the heart, though 
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they do not kill it, The CO, output is depressed by the NaF poisoning, 
but it ultimately rises to that of unpoisoned hearts. 

Formaldehyde acts similarly to NaF’, only the recovery is much 
slower. A heart was poisoned on three successive occasions with 05%; 
formaldehyde, and in one case, after 26 minutes’ poisoning, stopped 
beating completely for 100 minutes. Yet after 5 hours’ perfusion with 
saline it showed a good recovery. Some poisoned hearts ultimately beat 
with more than their initial amplitude of contraction. The CO, output, 
though greatly depressed at first (e.g. to 21 c.c.), may on recovery reach 
a higher value than that of unpoisoned hearts (e.g. 63 o. c.). 

The tortoise heart may be poisoned over and over again with HCN 
(up to 04 % and with NaHSO, (05% , and yet show perfect recovery. 


The expenses of this research were met by a grant from the Royal Society. 
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SOME COLOUR REACTIONS OF ADRENINE AND 
ALLIED BASES. By A. J. EWINS. 


(From the Wellcome Physiological Research Laboratories, London.) 


THE physiological investigation of a number of bases very closely 
related to adrenine in chemical constitution has recently been carried 
out in these laboratories. In view of this relationship it was considered 
of interest to examine these bases with regard to the more characteristic 
colour reactions which from time to time have been suggested for the 
identification or estimation of adrenine in various fluids. Apart from 
those reactions of the latter base which are due to the fact that it is a 
catechol derivative, the following characteristic reactions have been 
described. 

(1) The production of a rose red colour on the addition of iodine 
(Vulpian)*. 

(2) The formation of a red colour on addition of mercuric chloride 
(Comessatti)*. 

(3) The production of a reddish violet colour by the action of 
potassium biiodate and phosphoric acid (Frankel and Allers)® or by the 
action of iodic acid (Krauss) “ 


The fact that a substance was present in the supra-renal gland 
which gave a rose red colour with iodine was first observed by Vulpian 
(Loc. cit.). 

Later when the isolation of the physiologically active principle of 
the supra-renal gland had shown that this compound was the chromo- 
genic substance observed by Vulpian this reaction was suggested by 

1 Vulpian. Compt. Rend. 1856, XIII. 663. 
2 Comessatti. Münch. med. Wochenschr. 1908. No. 37. © 


a Fränkel and Allers. Biochem. Ztschr. xvi. 40. 1909. 
Krauss. Apotheker Zeitung, 1908. 701. 
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Abelous, Soulié and Toujan! as a means of quantitatively estimating 
adrenine in solution. The method however when applied to aqueous 
extracts of supra-renal glands does not yield results in conformity with 
those obtained by. physiological standardisation, at present the only 
satisfactory method of estimating adrenine. With solutions of the pure 
base the delicacy of this reaction is very great. A distinct reaction is 
obtainable with solutions of one part of the hydrochloride (or other salt) 
of adrenine in one million of solution. The rose red colour is apparently 
due to oxidation under the influence of iodine the same colour being 
produced by the action of other oxidising agents, or when dilute 
neutral solutions of adrenine are allowed to stand ne to light 
and air. 


Comessatti s Reaction. 


In a preliminary paper published in 1908 G. Comessattiꝰ recorded 
a new characteristic colour reaction for adrenine, which he has since 
employed for the quantitative estimation of the base“. The reaction 
was stated to be brought about by the addition of a few drops of 
mercuric chloride (0°2°/,) to a dilute solution of the base. On standing 
at the laboratory temperature a distinct rose red colour was produced 
within a few minutes. The maximum dilution at which the reaction 
was obtainable was stated to be 1—400,000. K. Boas‘ was unable to 
confirm these observations and his experiments were confirmed by 
Frinkel and Allers (loc. cit.) who stated that the reaction as indicated 
by Comessatti could not be obtained except on very long standing or 
by carrying out the reaction according to a modification suggested by 
Boas (heating to boiling and shaking vigorously), With solution of 
1—400,000 adrenine they could obtain no reaction in the cold and only 
a very feeble coloration on heating. 

In reply to Boas, Comessatti® asserted that the reaction could be 
obtained but mentioned the fact that his solution of mercuric chloride 
was prepared with tap-water. 

On repeating these experiments I was able to confirm these state- 
ments. Sif distilled water be used in making up the solution no reaction 


* Abelous, Souliéand Toujan. Soc. de Biol. 1905. 1. 301. 
* Comessatti. Miinch. med. Wochenschr. 1908. No. 37. 
* Comessatti. Archiv fiir exp. Pathol. u. Pharm. uxu. 190. 1910. 
* Boas, Centr. fiir Physiol. 1909. No. 26. 
* Comessatti. Ibid, 1909. XXIII. No. 6. 
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is obtainable while if tap-water is employed the reaction is readily 
observed. Further investigation showed that the production of the red 
colour depended on the presence of calcium bicarbonate in the tap-water. 
For on adding mercuric chloride to solutions of adrenine which had 
been prepared with distilled water and with a solution of calcium 
bicarbonate in distilled water respectively, the latter developed a 
beautiful red colour within a few minutes on standing (15°—17°C.) 
while the former remained quite colourless over a long period of 
time. 

It seemed then probable that calcium bicarbonate played the part 
of a catalyst in the oxidation of adrenine by mercuric chloride. Further 
experiments showed that mercuric chloride could be replaced by such 
oxidising salts as silver nitrate, platinic chloride and copper sulphate. 

The same reaction occurred in the presence of calcium carbonate, 
acetate, citrate, or lactate and presumably it occurs in the presence 
of any salt of calcium with a weak acid, The substitution of such 
salts as calcium chloride, nitrate and sulphate gave negative results. 
Salts of barium and strontium acted in the same way as calcium salts. 
Farther investigation showed that the reaction was produced under the 
influence of sodium acetate and finally it was found that any salt formed 
by the combination of a metal with a weak acid was capable of acting 
as catalyst in this reaction. Thus the reaction was obtained with the 
acetates of sodium, potassium, magnesium, strontium, barium, zinc, 
cobalt, nickel, manganese and lead ; also with lithium formate, potassium 
tartrate and sodium monochloracetate but not with sodium trichlor- 
acetate, 

From these facts it would appear that the Comessatti reaction is 
a particular instance of a general reaction, namely the oxidation of 
adrenine by relatively weak oxidising agents under the catalytic influence 
of salts which are of the type strong base + weak acid. Moreover the 
catalytic action of these salts must be dependent on the presence of free 
hydroxy] ions in their solution since they are all hydrolytically dissociated 
by water with consequent setting free of hydroxyl ions. This view is 
supported by the fact that the reaction is not obtainable with salts of 
the type strong base + strong acid, eg. calcium chloride, sodium 
trichloracetate, etc., nor with salts which are formed by the combination 
of a weak base with a weak acid, e.g. ammonium acetate. Such salts are 
not appreciably hydrolysed under the influence of water and there is no 
preponderance of free hydroxy! ions in their solutions. The presence of 
a trace of a mineral acid completely inhibits the reaction. 
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This result is of interest in view of the recent work of Euler and 
Bolin’, These investigators have shown that the so-called “oxydase,” 
medicago-laccase, consists for the most part of calcium glycollate together 
with calcium salts of such acids as mesoxalic, malic and citric acids. Other 
laccases also, such for example as that obtained from Sedum tllephium, 
have also been shown to consist of mixtures of salts (not of calcium only) 
of organic oxyacids. From experiments carried out upon the oxidation 
of hydroquinone under the influence of such naturally obtained “laccases” 
or “oxydases” and of certain sodium salts of organic oxyacids they 
arrived at the conclusion that such salts acted in a manner entirely 
comparable with that of the laccases and might even be more active 
catalytically than the laccases themselves, There is therefore no 
justification for considering such laccases as enzymes. In the case of 
Rhus-laccase, the first of the laccases to be investigated“, it appears 
probable however that the catalytic action is indeed due to a ferment 
which is destroyed by heat and cannot be dialysed, characteristics which 
distinguish it from the laccases mentioned above. 

It seems probable therefore that the phenomena produced by 
medicago- and similar laccases in bringing about rapid oxidation of 
hydroquinone and other polyphenolic derivatives and the oxidation of 
adrenine (a diphenolic derivative) as brought about by the Comessatti 
reaction are capable of the same explanation, being due to the catalytic 
action of salts of strong bases + weak acids hydrolytically dissociated by 
water, an action therefore which must be dependent on the presence of 
free hydroxyl ions in solution. 

As some difficulty seems to have been encountered hitherto in 
obtaining the reaction indicated by Comessatti the conditions under 
which the reaction can be obtained with certainty may be described 
here in detail. To 1 cc. of a dilute solution (1—100,000) of adrenine in 
distilled water is added an equal volume of a solution of sodium acetate 
(1% followed by four or five drops (approx. 0°25 ¢.c.) of a solution of 
mercuric chloride in distilled water (1—1000). If the solution now be 
warmed to 40—50° a rose red colour is immediately obtained. At the 
laboratory temperature (15° C.) a pale rose tint is obtained after some 
four or five minutes, The use of sodium acetate is to be preferred to 
tap-water as ensuring uniform results. 


Euler and Bolin. Ztschr. f. physiol, Chem. txt.1. 1909. 
Bertrand. C. R. de VAcad. des Sciences oxxtv. 1855-8. 
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The Frinkel-Allers Reaction. 


This new characteristic reaction for adrenine was recently described 
by Frankel and Allers (loc. cit.) and is brought about by heating to 
just below boiling a dilute solution of the base with an equal volume of 
a N/1000 solution of potassium biiodate and a few drops of dilute phos- 
phorie acid. There is thus produced a rose red colour which with the 
more concentrated solutions of adrenine (1—50,000) assumes on standing 
a distinct violet tint. The reaction was stated to be obtainable with a 
dilution of 1—300,000. The production of the colour is in the opinion 
of the authors probably due to the formation of an iodo- or iodoso- 
compound since “at no stage of the reaction can free iodine be 
detected.” This last statement is not strictly accurate as the following 
experiment shows. 

To 5 o. c. of a solution of adrenine (1—1000) were added 4 c. of a 
N/100 solution of potassium biiodate and 1 cc. of a 1% solution of 
phosphoric acid and the mixture allowed to stand at the laboratory 
temperature. After a few seconds a few drops of the solution (which 
had already become distinctly yellow) gave with a few drops of starch 
solution a distinct purple colour. At the end of five minutes on repeating _ 
the test a distinct blue coloration was obtained. At the end of one 
hour the solution had assumed the characteristic reddish violet colour 
normally produced on heating and free iodine could no longer be de- 
tected 


This is in agreement with a statement in a note very recently 
published by L. Krauss' who calls attention to the fact that this 
(Fränkel-Allers) reaction was first described by him. He employed 
free iodie acid in place of the biiodate phosphoric acid mixture. He 
states that free iodine is momentarily set free in the reaction, as 
may be demonstrated by shaking the mixture with chloroform, which 
on separating shows a pink colour due to iodine in solution, and also by 
mixing a few drops of a solution of iodic acid (1—20) with a solution of 
adrenine and adding a little starch solution when the characteristic blue 
colour is at once obtained. 

With the catechol bases of the types of dibydroxyphenylethylamine 
and of aminoaceto-catechol it is still more easy to show that iodine 
is set free during the course of the reaction. On standing at the 


1 Krauss. Biochem. Ztschr. XXII. 131. 1909. 
* Krauss. Apotheker Zeitung, 1908. 701. 
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ordinary temperature the solutions gradually become yellow in colour 
and the reaction with starch is readily obtained. On heating, the bases 
of the dihydroxyphenylethylamine series give the normal colour reaction 
while aminoaceto-catechol and the wae bases of this type give yellow 
coloured solutions. 

Further a number of catechol derivatives examined with regard 
to this reaction gave a similar result. Thus the following catechol 
derivatives 


Catechol (OH),C,H, 
Protooatechuie aldehyde HO 
Protocatechuie acid (OH),0,H,COOH 
Nitroprotocatechnic acid (OH),0,H,NO,. COOH 


Dihydroxymandelic ethyl ester (OH),C,H, .CHOH . COOC,H, 


all yield free iodine with this reaction while methylene-dioxy compounds, 
e.g. 


Piperonylic acid CH,0,C,H,COOH 

Methylene dioxymandelic ester CH,0,0,H,CHOHCOOC,H, 
as well as 

Dimethoxyphenylethylamin (CH,0),0,H,CH,CH,NH,, 


give no reaction at all. 

It would appear therefore that free iodine must play an important 
part in this reaction, which is however to some extent modified by the 
conditions obtaining, since the coloration produced is distinctly different 
from that obtained by the direct action of free iodine on solutions of the 
bases. | 

The reaction is again very delicate with pure solutions of the bases. 
According to my experiments, a distinct reaction may be obtained 
with a solution of one part of adrenine in one million (1—1,000,000). 
The same order of sensitiveness is shown by the other reactive bases. 

This reaction has been modified and intensified by G. Bayer' who 
finds that by addition of sulphanilic acid to the solution as prepared for 
the Frinkel-Allers’ reaction there is produced on heating a yellow 
colour instead of the normal rose tint. The reaction was distinctly 
given with a solution of one part of adrenine in five millions. I have 
confirmed this result and have found the same reaction to hold good for 
the remaining reactive bases. 

According to Bayer naphthionic acid acts in a similar manner, 
intensifying the reaction and producing not a yellow but a distinct 


Biochem. Ztechr. xx. 176. 1909. 
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violet colour. I have found however that naphthionic acid behaves 
with adrenine and the other reacting bases in all respects similarly to 
sulphanilic acid, but owing to the fact that control solutions of naphthi- 
onic acid and potassium biiodate-phosphoric acid mixture develop a 
yellow colour when heated the reaction is only readily observed with 
comparatively concentrated solutions of the bases. 


A new reaction with potassium persulphate. 


If to a dilute solution of adrenine a solution of potassium persulphate 
be added so that the concentration of the latter is approximately 0°1 per 
cent, and the mixture be then warmed by immersion in a boiling water- 
bath for a short time there is produced the rose red colour due to the 
oxidation of adrenine. The reaction thus obtained however appears to 
be more delicate than that obtained with other oxidising agents such as 
iodine, etc.; inasmuch as one part of adrenine in five million of solution 
gives a distinct reaction under these conditions. 

The reaction moreover is valuable in that it is readily applicable to 
such solutions as are obtained by extracting the supra-renal glands or 
other organs with faintly acidified water. The reagent too possesses the 
advantage over iodine that it is colourless. Excess, therefore, does not 
interfere with the colour produced. Moreover the extracts obtained as 
above described are usually of at least a pale yellow colour. This colour 
which would, for example, mask the reaction suggested by Bayer, is to 
a considerable extent discharged under the influence of the persulphate 
and the resulting red tint is clean and distinct, and, under the 
conditions indicated, remains practically permanent for some consider- 
able time. 

An exact method of quantitatively estimating adrenine by this reaction 
has not yet been worked out but qualitatively it has been shown that 
there is a distinct parallel between the depth of colour produced and 
the physiological activity of the extracts. Further an extract of supra- 
renal glands, in which, owing to its deep yellow colour, the presence of 
adrenine could scarcely be detected by the iodine or the Frinkel- 
Allers’ reaction, gave a very deep red colour with persulphate. 

The reaction is given in the same way by the other reactive bases 
already referred to. With catechol and catechol derivatives other than 
these bases no coloration is obtained. 
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The reactions of bases closely allied to adrenine. 


As already mentioned in the introduction to this paper a number of 
bases have been investigated some of which bear a very close relation- 
ship both chemically and physiologically’ to adrenine. Of these the 
following catechol bases correspond most closely to it in chemical 
structure. They may be conveniently arranged in three groups: 


I. Methylaminoethanol catechol (adrenine) (OH),CsH;CHOHCH,NHCH, 
Aminoethanol catechol (OH),CgH,;CHOH CH,NH, 
Il. Dihydroxypl (OH),C,H,CH,CH,NH, 
(OH),CgH,CH,CH,NHCH, 
l., 
* Dihydroxyphenylethylpropylamine 
III. Aminoaceto catechol (OH), NH, 
Methylaminoaceto catechol (OH)gC,H,COCH,NHCH, 
Ethylaminoaceto catechol (OH) COOH, NHC, H, 
Propylaminoaceto catechol (OH)CgH;COCH,NHO,H, 
In addition to these one trihydroxy base was examined: 
Aminoaceto pyrogallol (OH)sC.H,COCH,NH, 


For these baces Iam indebted to Dr F. L. Pyman. (Trans, Chem, Soc. xovII. 264, 1910.) 


Of the foregoing bases those of the first two groups in the catechol 
series a3 well as the pyrogallol base gave all the reactions hitherto 
conside od to be characteristic of adrenine. The catechol bases of the 
ketone cries III, however, gave negative results in all cases. 

The following table shows the maximum dilutions at which the 
reactions are obtainable with the bases in question. 


Reaction 
Potass. 
Base lodine Comessatti Frankel-Allers Bayer persulph. 

Methylaminoethanol 

catechol (adrenine) 1-2,000,000 1-1,000,000 1-1,000,000 1-5,000,000 1-5,000,000 
Aminoethanol cate- 

chol 1-2,000,000 1-1,000,000 1-200,000 1-1,000,000 1-1,000,000 

ethylamine 11,000,000 1-1,000,000 1-500,000 1-1,000,000 1-1,000,000 

Dihydroxyphenyl- 

ethylmetbylamine 11,000,000 12,000,000 12,000,000 1-5,000,000 1-2,000, 000 
Dihydroxyphenyl- 

ethylethylamine 11,000,000 1-2, 000,000 12,000,000 1-5,000,000 1-2, 000, 000 
Dihydroxyphenyl- 

ethylpropylamine 1-1,000,000 1-2,000,000 1-2,000,000 — 12,000,000 
Aminoaceto pyro- 

gallol 1--2,000,000 1-1,000,000 1-1,000,000 — 1-5, 000, 000 


* The physiological investigation is being carried out by Dr H. H. Dale in conjunction 
with Dr G. Barger, and er their work will be published shortly. 
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Note on the relative stability of the catechol bases. 


It was repeatedly observed that if solutions of the hydrochlorides (or 
other salts) of the bases of Group II (dihydroxyphenylethylamine, etc.) 
were allowed to stand under the same conditions exposed to light and 
air the solution of dibydroxyphenylethylamine remained for a consider- 
able time unchanged while the solutions of the remaining bases soon 
became oxidised forming pink solutions or depositing black sediments. 
Further the solutions of the methylamino and propylamino bases 
appeared to deteriorate more rapidly than the ethylamino base. A 
solution of aminoacetopyrogallol under similar conditions undergoes very 
rapid oxidation. As is well known, dilute neutral solutions of adrenine 
exposed to light and air soon develop a pink colour: on the other hand 
solutions of aminoethanol catechol, the corresponding amino base, are 
comparatively stable under such conditions. Solutions of the ketone 
bases (Group III) appear to be quite stable and may be kept indefinitely. 

From these observations it appeared that marked differences in 
stability showed themselves in these bases and experiments were made 
to obtain some idea of the relative reactivity of these compounds in the 
hope that the results obtained might help to throw some light upon 
certain aspects of their physiological action. 

The series of bases of the type of dihydroxyphenylethylamine were 
first investigated with regard to their reactivity with potassium per- 
sulphate, which gives a comparison of the rate of oxidation, and also with 
regard to their behaviour towards the reaction with potassium biiodate. 

The general result obtained with potassium persulphate from a 

number of experiments was as follows. 

The rate of oxidation was always most rapid with the methylamino 
base, this rate being about three times that with dihydroxyphenyl- 
ethylamine, which was always least readily oxidised. The rate at which 
the propylamino base was oxidised was somewhat slower than that of 
the methylamino base, but was again more rapid than that of the 
ethylamino base. Similar results were obtained with the Fränkel- 
Allers’ reaction, 

Direct comparison of these bases with those of the adrenine group 
showed that adrenine was the most reactive of the catechol bases but 
was followed very closely by dihydroxyphenylethylmethylamine, the 
propyl and ethylamino bases in order. The amino base of both groups 
reacted very much more slowly than the other members of the series but 
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of these the amino base corresponding to adrenine was more reactive 
than dihydroxyphenylethylamine. 
Between the bases so far considered and those of Group III (amino- 


aceto catechol, etc.) there is a wide difference of reactivity. As has been 


shown these bases give none of the characteristic adrenine reactions. 
With the Frinkel-Allers’ reaction iodine is set free and by a comparison 
of the amount of iodine set free in a given time by the various bases 
under similar conditions it was found that here again the methylamino 
base was most reactive closely followed by the ethyl and propyl bases, 
between which there seems to be very little difference, while the amino 
base is by far the least reactive of the series. With potassium per- 
sulphate, which on warming leads to the formation of a dark brown 
solution, similar results were obtained. 


SUMMARY. 


(1) The colour reactions for adrenine hitherto described—the iodine 
reaction (Vulpian), the mercuric chloride reaction (Comessatti) and 
the biiodate reaction of Frinkel and Allers and of Krauss—are due 
wholly or in part to oxidation. 

(2) Potassium persulphate has been found similarly to oxidise 
adrenine giving a characteristic red colour. This reaction has advantages 
over those mentioned above both in sensitiveness and in being readily 
obtained with crude extracts of the glands, etc. N 

(3) The Comessatti reaction has been shown to be brought about 
by the oxidation of adrenine by such oxidising agents as mercuric chloride, 
silver nitrate, or platinie chloride under the catalytic influence of salts 
of metals with “weak” acids (ie. salts which are hydrolytically dis- 
sociated by water). The reaction is compared with the results which 
have been obtained in the investigation of certain “ laccases.” 

(4) The characteristic colour reactions of adrenine have been shown 
to be given by certain other closely related bases, namely by (a) the 
amino base corresponding to adrenine, (b) dihydroxyphenylethylamine 
and the corresponding methyl, ethyl and propylamino bases, (c) amino- 
aceto pyrogallol. The bases of the type aminoaceto catechol do not give 
these reactions. | 
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THE ACTION OF BERYLLIUM, LANTHANUM, 
YTTRIUM AND CERIUM ON THE FROG’S HEART. 
By GEORGE RALPH MINES, Fellow of Sidney Sussex 
College, Cambridge. 


(From the Physiological Laboratory, Cambridge.) 


THE study of the reactions of living tissues towards inorganic salts which 
in the course of their phylogenetic history they have in all probability 
never met is of value for several reasons. We have a simplification of 
knowledge if we can state that some physiological property is charac- 
teristic of a group of substances, otherwise defined by their chemical 
or physical resemblances, rather than of one of its members. In such 
classification lies a method of attacking the problem of how the normal 
saline constituents of the tissue fluids exert their action and what is 
the meaning of their antagonisms and harmonies. Particular interest 
attaches to any case where a clear parallel exists between the action 
of salts on a living organ and on a colloid system, such as for instance 
Höber us has shown in the order of activity of the alkali metals. Such 
discoveries help to bring the mechanism of the cell within range of 
the methods of physical chemistry. 

Meltzer and Auer”, in an extended series of researches, have 
drawn attention to the remarkable effects produced on rabbits by the 
salts of magnesium. The injection of suitable doses causes anzsthesia 
and general motor paralysis: the most characteristic and immediate 
phenomenon is the paralysis of the respiratory centre. 

The investigations which form the subject of this paper originated 
in an attempt to compare the physiological activity of beryllium with 
that of magnesium. Beryllium (Glucinum) is di-valent, possesses an 
atomic weight of 9°1 and chemically resembles magnesium, which it 
immediately precedes in the second group of the periodic classification. 
A few experiments carried out on rabbits, anesthetised with A. C. k. 
mixture and urethane, showed that the primary effect of beryllium 
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salts on the respiratory movements was to quicken them. It was found 
also that the injection of beryllium salts caused a fall in blood pressure 
greater than that produced by a molecularly equivalent dose of the 
corresponding magnesium salts, and that a lethal dose of beryllium 
acted by stopping thie heart in diastole. 

Experiments were directed therefore towards the study of the action 
of beryllium salts on the heart. In general they were made on large 
male specimens of Rana temporaria. The frog was pithed, the body 
opened up and a cannula tied into the inferior vena cava Ringer's 
solution was perfused from a Mariotte bottle and its escape from the 
heart facilitated by cutting the aorts, or—and this was found a better 
plan—by making a slit in the bulbus aorte. By perfusion at a pressure 
of 4 or 5 centimetres of water, sufficient to distend moderately the sinus 
and auricles, a flow of solution through the heart was maintained even 
when the beats were stopped. That such a pressure does not in itself 
seriously damage the heart is sufficiently indicated by the fact that if 
the fluid perfused is Ringer’s solution a vigorous beat is kept up for 
many hours. In changing the solution there is a short interval during 
which the new solution is displacing Ringer from the 2 or 3 centimetres 
of narrow tubing between the Y-tube and the cannula. This I regard 
as a useful control, since the tracing immediately reveals any failure of 
the precautions taken to keep the perfusion pressure constant. 

The movements of the heart were recorded by passing a small hook 
through the tip of the ventricle and connecting the hook with a light 
lever. The experiments were made in winter and early spring: the 
temperature of the laboratory was as a rule about 12°C. The beryllium 
and other salts investigated were made up in decimolecular solution in 
distilled water and diluted with Ringer's solution. The Ringer's solu- 


tion used at first was that commonly employed for class work in this 
laboratory and contained 


NaCl 65% 11 mol. 
KCl 02 % = 0027 mol. 
CaCl, 025 % = 0022 mol. 
NaHCO, 015 % = 0017 mol. 


Fig. 1 shows a comparison of the action of magnesium and beryllium 
sulphates applied successively in the same molecular concentration to 
the same heart. 

Fig. 2 shows that a concentration of 00025 mol. Be quickly reduced 
the systole, while half this concentration applied for the same length of 
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time was without apparent effect. Now it is well known that the first 
member of a series in the periodic classification is apt to show simi- 
larities with members of other groups in some respects, in a manner not 
shared by the rest of the group. On investigation I found that an 
equimolecular solution of aluminium produced the same kind of effect 
on the heart as beryllium. 


— 98. — — = * + BeS0, 


Fig. 1. All tracings read from left to right. The signal shows the time of 
turning on the new fluid. Up stroke = systole. 


Nu BeSO, R (aie: BeSQ coors RI) R 


* * * 


go" 
— 


Fig. 2. 


Further experiments were made with other salts of the three metals 
which confirmed the impression that the salts of beryllium in their action 
on the heart resemble quantitatively the salts of aluminium rather than 
those of magnesium. Binet found that large doses of magnesium stopped 
the heart in diastole. Now Ley“ has shown that the salts of beryllium 
and of aluminium are strongly hydrolysed in solution while the salts of 
magnesium are not appreciably hydrolysed. Beryllium hydroxide and 
aluminium hydroxide are very weak, that is to say very feebly dissociated, 
bases. Pure water is to a small extent dissociated into the ions H' and 
OH’—these are present in equivalent concentrations and therefore 
water is neutral in reaction. When beryllium sulphate is dissolved in 
the water dissociation occurs liberating the ions Be and SO,”. The 
beryllium ions however cannot exist in the presence of such a concen- 
tration of hydroxy! ions as they find in the water, but must combine to 
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form a certain concentration of undissociated Be( OH). Thus it 
happens that the Be and the OH” are reduced in concentration in 
the solution and there is a preponderance of H' and 80.“ Since 
H,SO, is very strongly dissociated the result of the hydrolysis is that 
the solution reacts acid. a 

The action of these dilute solutions of beryllium and aluminium 
closely resembles the action of weak solutions of acid discovered by 
Gaskell™ in 1879. They reduce the tone of the heart and stop it in 
diastole. 

If the action of the Be and Al salts is really due to the fact that 
their solutions are hydrolysed, it is to be expected that the presence of 
the small concentration of alkali in the Ringer’s solution must have an 
important restraining influence. This is indeed the case. The concen- 
tration of Be or Al salt required to stop the heart when the Ringer's 
solution in which the substance is applied was before its addition 
neutral, is much lower. Thus, as the experiment from which Fig. 2 is 
taken shows, a concentration of 00025 M BeSO, in the alkaline Ringer 
had no effect on the heart, while Fig. 3 shows that in neutral Ringer 


a concentration of 00005M BeSO, has a great effect on the heart. 


‘The same tracing shows the effect of the same molecular concentration 
of aluminium sulphate. The neutral Ringer used to test this point 


was of the same composition as that given already with the omission of 
the sodium bicarbonate. 


R(wtotal) 91 BeSQ, -oep0s ™. 


* 1 AGG), 


* * * * 


Fig. 3. The recovery from the beryllium on washing out with neutral Ringer was in this 


case fairly quick and complete. After the aluminium there was no recovery until 
alkali was added. 2 


i In al subsequent experiments referred to in this paper in which 
Ringer's solution was used, the neutral solution was prepared thus :— 


M/s KOI 25c.c.=0031M 024% KCl 


M/8 CaCl, 15 cc. = -00187M 0208 CaCl, 
M/8 NaCl to 1000 12M NaCl 
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The recovery on washing out the heart with neutral Ringer is fairly 
complete if the previous dose of beryllium or aluminium salt or of acid 
has been very small, and applied for only a short time. If the experi- 
ment is repeated several times on the same heart, or if the solution is 
allowed to act for a longer time or is applied in greater concentration, 
the subsequent washing out with neutral Ringer causes either slight 
and imperfect restoration of beats or none at all, according to the 
conditions of the experiment. The heart can be immediately restored 
to full activity even after it has been in this enfeebled diastolic condi- 
tion for half an hour or more, by the addition of a small concentration 
of alkali to the perfusing fluid (cf. Fig. 4). This is exactly the 
behaviour of the heart in relation to weak acid solution as described 
by Gaskell thirty years ago. 


— * ¥ 


2 


Fig. 4. 


It remains to consider whether the concentration of acid i. e. of the 
hydrogen ion in the beryllium solution —is sufficient to account for the 
action of the solution on the heart. Gaskell found that a solution 
containing one part of lactic acid in 20,000 reduced the tone of the 
heart and stopped it in diastole. The molecular weight of lactic acid is 
90 and thus a solution of 1 in 20,000 equals 00055 N. This was not 
fixed by Gaskell as the lowest concentration which would stop the 
heart. 

A solution containing 0001 N sulphuric or hydrochloric acid under 
the conditions of my experiments produces a well-marked effect on the 
heart, one containing 00005 N is uncertain and 00003 N was found 
to have little or no effect when allowed to act for the same length of 
time. 

Since there exists this variability in sensitiveness to low concentra- 
tions of the substances whose action is under discussion, I prefer to base 
my conclusions as to their relative potency on experiments in which the 
same heart is treated with solution A, then after recovery and thorough 
washing out with solution B, and then again (after again washing out) 
with A. 
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From such experiments I conclude that the effect of a weak solu- 
tion of a beryllium salt is roughly the same as that of a solution 
containing the concentration of the acid which would be present if 
the salt were completely hydrolysed, but that the effect of an aluminium 
salt is somewhat greater than that of an equivalent concentration of 
acid. 

The concentration of H- in solutions of beryllium 
and aluminium salts. 

The investigation of the degree of hydrolysis of these salts has not, 
so far as I can find, been carried out in solutions of such extreme dilution 
as those in which we are interested. Ley found by the electrical 


M 
conductivity method that a solution of BeSO, of concentration 1 024 


hydrolyses to the extent of about 5 or 6% at 25°C. The hydrolysis of 
AIC], under the same conditions is given as 44°/,. The degree of 
hydrolysis increases with the dilution, as may easily be seen from 
a consideration of the fact that in the beryllium solution for instance 
the greater the dilution the greater the proportion of OH’ to each Be. 

I have attempted to get some idea of the magnitude of the change in degree of hydrolysis 
with farther dilution by a colorimetric method. A solution of litmus was dialysed against 
distilled water for a fortnight, avoiding contact with the air. In each of a series of test- 


tubes of equal bore 2 ¢.c. of this solution were placed and made up to 10 ¢.c., one with 
distilled water and the rest with increasing concentrations of acid in distilled water. 


a of acid 

Litmus Water Hd 

8 000000 

0-5 -00005 

9 3 7 1 0001 

6 2 6002 

E 2 5 3 -0008 

ae 4 4 -0004 

89 2 3 5 0005 


The tints of these mixtures from A to F were easily distinguishable, ranging from bluish 
purple to red. F and G appeared equally red. 


Making up solutions containing the salts to be investigated in known low concentration 
with the same concentration of litmus as before, it was easy to place the tubes containing 
these solutions a4 lying between two of the standard tubes or matching one of them. 

The assumption was now made that the colour of a solution containing for example 
“0O015N acid would lie mid-way between the colours of the solution containing -0001N and 
that containing O00 N and would be produced by mixing the colours of equal thickness as 
of these solutions. This idea was applied in the construction of a differential colorimeter 
the principle of which is shown in Fig. 5. It consists of three glass tubes A, B. C, of 
increasing diameter with plate glass bottoms. The walls are rendered opaque with Berlin 
black. A and O are clamped in fixed positions, B can be moved up and down by a rack 
and pinion. C contains red solution and B “blue.” Looking in at the top of A the 
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field appears red when B is in the position shown in (i), blue when it is in the position 
shown in (ii). The thickness of the layer of liquid through which one looks is always the 
same. B can move up and down five centimetres ; bya scale at the side one can read off 
the position at which the colour of the same thickness of a salt mixture (placed beside in a 
duplicate of the apparatus) is matched. 

The difference in colour of the two solutions of adjacent acid concentrations is not 
great and thus the change of tint on moving B is very gradual and the readings not at all 
sharp. It is moreover probable that the presence of the rather large concentration of 
litmus affects the equilibrium point of the hydrolytic reaction, and further it may be that 
the complexes present in the salt solution and not in the acid standards may also affect 
the tint of the litmus or modify its reactions with the hydrogen ion. I therefore give the 
results arrived at by this method with the important reservation that they bear probably 
little more than a qualitative significance. It is not unlikely that with some other indicator 
the method might prove more satisfactory. } 


A A 
B 


WH, 


| 
| 
WHO 


(i) 0 
Fig. 5. Differential colorimeter. Described in text. 


The numbers in the table denote percentage of salt hydrolysed at the dilutions indicated: 
the reason for the inclusion of salts not yet referred to will appear later in the paper. 


BeSO, 9°, 15 °/, 25 °/, 87 °/, 60 / 
11 24 87 47 
Th (80). „ * 13 25 35 
Mg 80. 
uss (800) 

** No hydrolysis could be detected. 
Ce Cl, 


* Could not be matched. 
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These figures suffice to show that the increase in degree of hydrolysis with dilution is 
very striking and that the hydrolysis of the beryllium salts in the concentrations in which 
we have considered their action on the heart is probably over fifty per cent. In other words, 
more than half the beryllium ions have disappeared from the solution and their place has 
been taken by twice as many hydrogen ions. 


In order to establish the hypothesis that the physiological activity of 
the hydrolysed salt solution is due to hydrogen ions, it is probably quite 
unnecessary to prove that it actually contains a concentration of hydrogen 
ions as great as that in a solution of the corresponding acid which 
exerts the same effect. One may reasonably apply the explanation put 
forward in another case by Richards. There can be little doubt that 
the sour taste of acids is due to the hydrogen ion. Now although there 
is an agreement between the order of the various acids arranged according 
to their sourness and according to their degree of dissociation, it is found 
that the less dissociated acids, such as acetic, have a sour taste which 
more nearly approaches that of the strong mineral acids in intensity than 
would be expected from the difference in the degree of dissociation of 
these substances. Richards explains this by reference to the fact that 
the dissociation is a matter of a system in chemical equilibrium. It 
must be supposed that the action of the hydrogen ions in causing taste 
depends on their combining with some substance in the sense organ, or 
being in some way removed from the solution. The effect of even a 
slight reduction in the tension of the H ions in the solution will be to 
displace the equilibrium in the direction tending to restore the con- 
centration of H' ions. 

In the case of the hydrolysis of beryllium sulphate the system is more 
complex since at least four equilibria are involved. 


The equation 
BeSO, + 2H,0 = Be(OH), + H,SO, 
really depends on the following : 
⁰ 2 
Be Be(OH), ................ 3 


80% 7 2H == HO, 


Of these we may neglect 1 and 4 since at our dilutions Beryllium 
sulphate and sulphuric acid will be completely dissociated. 

In equation 3 the product of Be. and OH’ required to overcome the 
dissociation of Be(OH), is exceedingly small, and the concentration of 
OH’ provided by equation 2 at once brings about combination between 
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Be and OH’. Equilibrium in 2 is thus shifted so that instead of there 
being equal numbers of H- and OH” there will be a great preponderance 
of H- 


If in any way we reduce the concentration of H-, equilibrium will be 
restored by the further dissociation of the water, liberating more H- 
and more OH”. But the appearance of a greater concentration of OH’ 
in the solution will disturb equilibrium 3, producing more Be(OH),, 
removing OH’ from the solution and so restoring its acidity. Such a 
resistance to neutralisation would continue until all but an infinitesimal 
trace of Be. had combined to form Be(OH),. 

That a removal of hydrogen ions occurs in the course of action of the 
acid containing solutions on the heart and that the ions so removed are 
held with some force, is rendered probable by considerations which will 
be discussed later in this paper. 

I conclude then that the action of the beryllium solutions on the 
heart is due not to the Be ion, but to the fact that such solutions possess 
acid properties, 

Since we are confined to the use of aqueous solutions, a satisfactory 
study of the action of the beryllium and aluminium ions on the heart is 
impossible. 

It has been mentioned that a solution of an 1 salt has a 

slightly greater effect on the heart than one containing the concentration 

of acid which would be yielded by the complete hydrolysis of the salt. 
This point requires further consideration. Its explanation lies in the 
fact, which I have now to set forth, that the effect on the heart of a tri- 
valent positive ion is the same in kind but far greater in degree than 
that of the hydrogen ion. 

The hydrolysed salts of the e beryllium have been compared 
with the non-hydrolysed salts of the di-valent magnesium; it remains 
to compare the hydrolysed salts of the tri-valent aluminium with non- 
hydrolysed salts of tri-valent metals. We find such salts among those 
of certain metals of the rare earths. Meyer“ states that the cerite 
earths are strongly basic, as evidenced by the fact that their salts 
with strong acids are not measurably hydrolysed at 25 C. even in 
very dilute solution. Ley found that the chlorides of ianthanum 
and of cerium possessed a minimal power of catalysing the inversion of 
sugar, As I have already mentioned, solutions of lanthanum, yttrium 
and cerium do not redden litmus. 

I am acquainted with very little previous work on the physiological 
activities of these substances. Cerium oxalate is used in medicine to 
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allay gastric irritation ; its action, like that of bismuth, is said to be 
purely mechanical. 

Lauder Brunton™ includes these rare earths in the list of substances 
whose toxicity on the frog as a whole were determined, but as he points 
out, such determinations are of little value since the point of action of 
two equally toxic substances may be totally different; eg. one may 
paralyse the heart, another the central nervous system, while a third 
may attack motor nerve endings and so forth, each causing death. The 
rare earths were found less toxic than potassium, ammonium and even 
than lithium. 

Dhéré and Prigent™ have recently studied the action of salts of 
the rare earths on the sensory endings in the frog’s skin and Sternberg” 
describes their taste. I have found no reference to their influence on 
the heart. 

In the experiments which I shall now describe I used in the first 
place lanthanum sulphate, which I prepared from a specimen of pure 
lanthanum oxalate for which I am indebted to Mr J..E. Purvis. I 
have further experimented with the chlorides and nitrates of lanthanum 
and of cerium and with the chloride of yttrium. These substances were 
obtained from Merck. 

It may not be out of place to recall that yttrium (at. wt. 89) and 
lanthanum (139) are placed like aluminium (27) in the third group of 
the periodic classification. Cerium (140) is in the fourth group and 
forms a series of salts in which it is tetra-valent, but in the cerous salts 
which I have used it is tri-valent, and in its chemical behaviour resembles 


the other cerite earths. 
Solutions were prepared containing in each case 15 La, Y or Ce. 


These were diluted with neutral Ringer's solution. A solution contain- 
ing ‘(00001M of lanthanum, yttrium or cerium produces an immedia 
effect on the heart, reducing the systole and usually stopping the heart in 


diastole within a few minutes. Although the time taken by a solution of 


this strength to stop the beat varies in different hearts the reduction in 
systole becomes perceptible directly the solution reaches the heart. 
Fig. 6 shows a typical tracing such as has been obtained with all the 
salts of lanthanum, yttrium and cerium at present examined. It was 
noticed on many occasions that the stoppage was preceded by occasional 
missed beats—thus giving groups of contractions ; next alternate beats 
got through, then every third beat and so on. Careful observation in 
this stage generally showed the sinus to be beating with a feeble but 


* 
fi 
d 
4 
> 
| 
ty 
7 
* 
‘ 


RARE EARTHS ON FROGS HEART. 337 


regular rhythm, its rate not being obviously affected. The action seems 
to be especially on the conductivity of the heart muscle. 
Not infrequently a solution ten times more dilute suffices to stop 


the heart: ie. a concentration of ~ Saal an instance is shown in 


1,000,000 
Fig. 7; and in one experiment the beat was instantly reduced by a 
concentration of only 0000005M La. On the other hand I have in 
some cases found 000001 M without obvious effect. Up to the present 
I have not distinguished any constant difference in the activity of the 
salts of the three metals when tested on the same heart, but this point 
requires further work. 


N 00667 7 


| Minutes. 


* 


Fig. 6. The upper tracing shows a repetition of the experiment 
on the same heart after recovery. 


Ich 
Minutes. 


_ 


— 


Fig. 7. 


After the heart has been stopped by a roughly liminal dose of 
lanthanum, yttrium or cerium, a subsequent washing out with neutral 
Ringer brings about a gradual restoration of the beat. This recovery 
is more and more delayed the longer the toxic solution has been allowed 
to act and the greater its concentration. Thus for instance in a heart 
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stopped by 000002 M lanthanum sulphate in 1} minutes and then 
immediately washed out with neutral Ringer, recovery started in less 
than 2 minutes and was fairly complete in 5 minutes. 

In another case a solution containing 00001 M cerium nitrate 
stopped the heart in 6 minutes, was allowed to run through for 8 
minutes longer and then neutral Ringer was substituted. The heart 
remained at rest for 66 minutes and then weak beats started. The 
recovery in neutral Ringer is in general slow and incomplete. The 
addition of a little alkali to the solution (001 NaOH) causes a quick 
and complete recovery. In the course of recovery the phenomena of 
groups and missed beats, described as occurring during the action of the 
toxic salts, are frequently to be observed occurring in the reverse order. 
This point is illustrated in Fig. 8. I have noticed on returning to 
neutral Ringer after the alkaline solution has acted only for a short 
time, and when the previous treatment with the toxic salt has been 
prolonged, that there is often a reappearance of grouped contractions, 
but if the alkaline solution is allowed to act longer, the change to 
neutral Ringer is followed by no such irregularity. | 


Fig. 8. 


Sufficient has been said about the action of these salts of the rare 
earths on the heart to show that it closely resembles that of acids. 
The important point is that the rare earths produce these effects in 
much lower concentration. The solutions contain no hydrogen ions 
so far as can be detected by the methods of physical chemistry, and 
physiological experiment shows that even were the salt completely 
hydrolysed, the concentration of acid produced would be insufficient to 
account for its action. Fig. 8 shows a comparison of the effects of 
‘00001M VCI, with 00003N HCl—the concentration of acid which 
would chemically replace the metal. The acid in this concentration 


exerted no obvious effect in the time allowed, while the yttrium solution 
acted immediately. 
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We find in fact that the hydrolysed salts of aluminium are less 
active in stopping the heart than the non-hydrolysed salts of lanthanum, 


yttrium and cerium. Fig. 9 shows a comparison on the same heart 
between aluminium and cerium chlorides. 


‘0000: 


CeCh, 


Fig. 9. 


There can be no doubt that the active agents in the solutions of 

these rare earths are the kations La, Y and Ce. These tri-valent 
kations are even more powerful in their action on the heart than the 
hydrogen ion. The explanation of the fact that aluminium solutions 
are less active than lanthanum solutions is now apparent. The hydro- 
lysis of the aluminium solutions reduces the concentration of Al! ions 
in the solution replacing them with the chemically equivalent, but 
physiologically inferior concentration of hydrogen ions. 
1 From the account I have given of the action of the positive tri- 
valent ions considered, it is clear that in relation to the frog's heart 
they show a close resemblance to the hydrogen ion, though producing 
the same effects in smaller concentration. The gradual reduction in 
systole, the tendency to grouped beats and the arrest in diastole charac- 
terise the action of H and of La V'. and Ce alike. 

Further,—and on this point I wish to lay especial stress—when 
arrest has been brought about by either of these ions, the washing out 
with neutral Ringer causes a slow, often very slow and imperfect 
recovery, or it may be none at all, while the addition of a small 
3 concentration of alkali quickly restores the beat to full regularity 
and force. 

The hydroxyl ion antagonises the tri-valent kations, just as it 
antagonises the hydrogen ion. 

The fact of the antagonistic action of the hydroxyl i ion explains why 
enormously larger concentrations of the tri-valent ions must be injected 
into the blood in order to produce any marked effect, for the blood 
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contains à small but important excess of hydroxyl ions over hydrogen 
ions (vide Moore and Wilson’). 


The interpretation of the action of acids and of tri-valent 
ions on the heart. 


The work of Hardy and others on the influence of electrolytes on 
the state of aggregation of colloidal particles in suspension has stimu- 
lated much speculation as to the possibility of finding here an explana- 
tion of the profound influence of salt solutions on the behaviour of living 
cells. The recent work of Barcroft and his collaborators (Barcroft 
and Camis, Barcroft and Hill™) on the influence of salts on the 
dissociation of oxy-hemoglobin exhibits, as Hill™ has pointed out, the 
influence of electrolytes in modifying the state of aggregation of a 
protein as a determining factor in a reaction of the utmost physiological 
importance. | 

Hardy has shown that the precipitation of a charged colloidal 
solution results from the neutralisation of its electrical charge. The 
remarkable influence of valency in determining the precipitating power 
of an ion and the special position occupied by the H- and OH’ ions are 
now matters of common knowledge. When the colloidal particles are 
not in free suspension but united, it may be in chains and networks, to 
form membranes or apparently solid aggregates, the effect of ionic 
charges will no longer be to bring about obvious alterations in appear- 
ance, yet still their influence can be traced. | 

Zsigmondy, Ostwald and others have insisted that the difference 
between a visible solid body lying in water and the same mass of 
substance in colloidal suspension is essentially a difference in its 
dispersity or subdivision. The subdivision implies a great increase in 
surface, and it is in fact the exaltation of surface phenomena that deter- 
mines the peculiarities of substances in the colloidal state. 

Perrin™, who gives an admirable account of the history of the 
subject, has studied the factors governing the passage of fluids by 
electric endosmose through diaphragms consisting of a great variety of 
powders, His experiments show that all such diaphragms, provided 
they are non-metallic, acquire a positive charge in acid and a negative 
charge in alkaline solutions—in the absence of poly-valent radicles. 
While other mono-valent ions have little effect in charging or modifying 
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the charge of the diaphragm, di-valent ions have a distinct, and tri- 
valent iofis an enormous effect in this direction. The negative charge 
on the diaphragm is reduced by positive and increased by negative 
poly-valent ions. Larguier des Bancels e using Perrin’s method 
shows that the electric charge on textile fabrics immersed in water 
which is always —, can be made more — by alkali or by a — poly-valent 
ion and made more + by acid or by a + poly-valent ion. 

Now the bearing of these facts on our discussion lies herein: that 
the electrical state of a membrane determines its permeability towards 
ions in solution. 

In recent physiological literature great importance is thrown on the 
part played by membranes in the phenomena of stimulation. One need 
but mention the names of Lapicque, Lillie, Loeb, Lucas, Nernst, 
Overton, Meyer and Sherrington. 

It is recognised that membranes may limit and modify the diffusion 
of ions, being more permeable to one than to another, and that a 
change in the permeability of a membrane may, by altering the 
relations between the interior of a cell and the solution of electrolytes 
which bathes it, cause profound functional effects. 

Now just such modifications in the permeability of membranes 
towards electrolytes are brought about by altering the electrical charges 
of the membranes. Ostwald in 1890 showed how semi-permeable 
membranes could give rise to electric currents by permitting the 
passage of ions of one sign and hindering those of the opposite sign. 
He expressly commended the further study of such phenomena to the 
attention of physiologists. 

Chanoz™ found that the property of an animal membrane in 
affecting a concentration cell may be reversed by treatment with acid, 
and that this changed condition is retained by the membrane even after 
prolonged washing. He attributed the effect to the fixation of the 
hydrogen ion by the membrane. 

I may at this point describe an experiment which I made for the 
first time before I was acquainted with the literature to which I have 
referred. 

The form of apparatus which I have found most convenient is shown 
in Fig. 10. A U-tube is cut through a little below the middle of one 
limb. Circular ground glass plates P,P, are cemented on so that the 
holes of 5 mm. diameter bored in their centres will coincide when the 
two parts of the tube are put together. The membrane is held between 
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these plates. The two parts of the U-tube are held together by four 
rubber bands attached to hooks in the corks O and D. The cork C 
forms the bottom of a vessel which surrounds the upper part of the 
tube to catch the overflow which occurs in an experiment. The narrow 
tube 7’ is fixed in position so that the jet at its lower end lies opposite 
the hole in the plate P,, its upper end will receive the nozzle of a 
2 cc. pipette. The apparatus is filled with eighth-normal sodium 
chloride solution including the glass tubes G, H, K and L which make 
electrical connection with a delicate reflecting galvanometer through 
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of membranes. Described in text. 


the porcelain vessels MM (filled with ZnSO, solution) and the zinc 
rods Z. The complete circuit is thus represented 


Cu, Zn, ZnSO,, NaCl, Zus., Zn, Cu. 


The system is symmetrical and there is no deflection of the galvano- 
meter. If now, in the absence of any membrane we introduce 2 c.c. of 
water by the tube 7’, there is still no deflection, for the system is still 
symmetrical : two equal and opposite concentration currents have been 
set up. But if a membrane, soaked in NaCl, is placed in the apparatus 


and the experiment repeated, a large deflection is produced. 
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All other conditions being kept constant, the direction and extent 
of the deflection depend on the previous history of the membrane. 
The membranes I have at present examined (parchment paper, lining 
of egg-shell, lecithin on tissue paper, gelatine, bichromated gelatine) 
when tested after no other treatment than prolonged immersion in 
eighth-normal NaCl, give a deflection indicating the passage of a 
current through the membrane from the NaCl side to the water. 
The deflection noted is simply the maximum reached during the 
passage of 2 c.c. of water from the jet. The introduction of the water 
raises the resistance of the circuit, and the water rises and mixes with 
the salt solution. These undetermined factors do not affect the con- 
clusions which I base on the experiments, since they are the same in 
every test. The results obtained with sheet gelatine best illustrate the 
point I wish to emphasise. The sign - indicates the passage of a current 
through the membrane from the NaCl side to the water. By a shunt 
the deflections of the galvanometer were reduced ten times, 


Deflection when tested in 
apparatus as described. 
Gelatine sheet, soaked in NaCl for 14 hours -10 
Membrane removed, placed in L. oh, for 1 minute, washed in 
NaCl 1 minute +20 
Membrane removed, washed in NaCl for 1 hour, 85 minutes aes +6 
in NaCl for 9 minutes on — 32 


1 may briefly summarise the results obtained from a number of 
concordant experiments. A neutral solution containing 100 La, L or 
Ce suffices to alter the membrane in one or two minutes so as to convert 
the deflection from — to +. 

Solutions of divalent positive ions, e.g. Ca, Sr, Mg, produce a much 
smaller effect even in g concentration and do not, in the same time, 


succeed in reversing the direction of the deflection. 

The time taken to remove the effect of treatment with the tri-valent 
ion by washing with NaCl solution varies according to the concentration 
of the tri-valent ion used and the duration of its application, but with 


gelatine it takes many hours after 2 minutes application of an 18 solu- 


tion. An alkaline solution instantly removes the effect of the tri - valent 
ion. 
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We see here the same phenomena produced by the tri - valent positive 
ion as by the hydrogen ion. The explanation on the principles of 
charged membranes is not difficult, but it is irrelevant to the present 
argument, and its discussion will be deferred toa future paper in which 
I hope to describe other experiments, in which the conditions are such 
that the potential differences can be measured with precision. 

For the present I would simply point to the facts demonstrated. 
It has been shown that the bebaviour of an artificial membrane in its 
relation to an electrolyte is profoundly modified by treatment with the 
salt of a tri-valent metal, that the change is of the same nature as that 
produced by acid, and that, like the latter condition, it is removed very 
slowly by washing with a neutral solution containing no — ions 
but is instantly removed by treatment with alkali. 

The close parallel between these phenomena and those of the 
action of the same ions on the heart, which have been detailed in a 
previous section of this paper, is sufficiently striking to suggest that the 
explanation of the action of the tri-valent positive ions and of the hydrogen 
ion is to be sought in the fact that these ions have in a pre-eminent degree 
the power of reducing or reversing the negative charges on surfaces. 

There is reason to think that in the cells of vertebrate animals we 
have surfaces bearing negative charges and that the relation of these 
surfaces to electrolytes is a matter most intimately associated with the 
behaviour of the cells. 0 

It would be of much interest to know whether tetra - valent positive 
ions possess yet greater physiological activity than tri-valent. Unfortun- 
ately the salts of all tetra-valent metals are strongly hydrolysed. I have 
made some experiments with thorium, whose salts are said to be less 
hydrolysed than those of the other members of the fourth group (Abe gg 
und Auerbach). Even here hydrolysis is very marked, and from the fact 
that thorium sulphate was found less powerful in its action on the 
heart than lanthanum sulphate, I feel there is no justification for any 
inference as to the activity of the tetra-valent ion. 


SUMMARY AND CONCLUSIONS. 


Beryllium solutions have a powerful action on the frog’s heart. This 
is due to their hydrolysis and consequent acidity. 

The salts of lanthanum, yttrium and cerium, which are not hydrolysed, 
produce effects on the heart of the same kind as those produced by 
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acid, but they are effective in considerably lower concentration. They 
are antagonised by alkali, 

The hydrogen ion is more powerful than the divalent, but less 
powerful than the tri-valent metallic ion in stopping the heart. Thus 
the effect of hydrolysis is to increase the apparent activity of beryllium 
but to reduce that of aluminium solutions. 

A close parallel exists between the action of acids and tri-valent 
«ations on the heart, and their effect in altering the properties of an 
artificial membrane as regards its relation towards electrolytes, and thus 
its permeability. 

So far as the evidence goes at present it appears that while their 
electrical charge is at any rate not the only factor of importance in the 
action of divalent metallic ions on the heart (as is shown by the quite 
different actions of calcium and magnesium), it is of overwhelming 
importance in the case of tri-valent ions. 

The study. of the physiological activity of many ions is 9 
limited by the n of solutions containing them. 
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THE INFLUENCE OF OXYGEN INHALATIONS ON 
MUSCULAR WORK. BT LEONARD HILL anp 
MARTIN FLACK. 


(From the Laboratory of the London Hospital Medical College.) 


In our last paper in this Journal (XXXVII. 1908, p. 77) we brought 
forward evidence which showed that the duration of the period in which 
the breath can be held depends on the relative partial pressures in the 
alveolar air of O, and CO, 

Under ordinary conditions the breaking point’ is reached when the 
CO, tension has risen to 6—7 / of an atmosphere and the O, tension 
fallen to 9—10°/, of an atmosphere. On breathing the expired air in 
and out of a small bag, we found that the CO, tension rose to about 
8 % and the O, fell to about 8·5—4˙5 % before the breaking point 
occurred. 

We concluded from this that “holding the breath produces some 
mechanical obstruction to the circulation by the cessation of the 
respiratory pump.” 

The fact that the tension of CO, can be raised by breathing O,, from 
6—7 / to 8—10 % before the breaking point occurs, led us to try the 
effect of inhalations of oxygen both on the power to carry on muscular 
exercise on trained athletes and on untrained persons. 

An account of results obtained has been published in several short 
papers. Experiments on short distance runners are described in the 
Brit. Med. Journ. Aug. 28, 1908. In the same Journal, Oct. 3, 1908, is 
an account of the effect of oxygen on Wolffe, a cross channel swimmer. 
We have described a number of experiments on the effect of inhalation 
of oxygen while running, boxing and stair-climbing (Proc. Physiol. Soc. 
Jan. 23. This Journal, XXXVIII. 1909). The experiments showed that 
oxygen inhaled before muscular exertion enables it to be carried out 
more easily, and inhaled after exercise diminishes the distress and 
the fatigue. Our conclusions were however contested by Douglas and 
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Haldane (Proc. Physiol. Soc. June 26, This Journal, XXXIX. 1909) 
who claimed that the effects of oxygen inhalation could be explained 
as a result of washing out CO, from the body by deep breathing. It 
has already been shown by one of us (Hill) and Mackenzie (Proc. 
Physiol. Soc. p. xxxiii. This Journal, XXXIX. 1909) that the explana- 
tion given by Douglas and Haldane is untenable. In this paper, 
we deal further with this view, and give some additional experiments 
bearing on the general question of the effects of oxygen inhalation on 
the body. 


Effect of Forced Breathing. 


Taking forcible breathing itself as a type of exertion we find that 
this if continued for long becomes very uncomfortable. There is a 
feeling of a band or bands being drawn tight round the head or neck, of 
pins and needles and numbness in the limbs. Most subjects who try it 
for the first time say the feeling is like going under nitrous oxide gas. 
If continued there arises lessened force in the breathing, and group 
breathing sometimes of a very marked character, audible to those 
around, but unnoticed by the subject himself, who is in a partly dazed 
mental state. Polygraph tracings show an acceleration and enfeeble- 
ment of the pulse during forced breathing, the pulse can be felt to 
become weak or even disappear with each inspiratory effort, to return 
with expiration. Readings of systolic blood pressure show a consider- 
able fall synchronous with each inspiration. 

Forcible breathing of oxygen is very different. The feelings of 
constriction and numbness are either not present, or may occur at the 
end of the first half minute toa slight degree and then vanish. The 
pulse keeps strong, while the systolic blood pressure, although falling 
with each inspiration, is maintained at a higher level. In subjects of 
middle age the forced breathing of oxygen was pleasant and could be 
continued indefinitely without any great effort, while the forced 
breathing of air was very unpleasant, and so much so that some of the 
subjects were unwilling to repeat it. On the other hand the young 
student, with great capacity of lung ventilation, could not continue 
forced breathing of oxygen indefinitely. 

The middle aged men were able to breathe a considerably greater 
volume of O, per minute than of air; for example : 
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A wide mouthpiece was used fitted with in- and ont-valves. The oxygen was drawn 
from a bag and expelled through the meter air. The dead space was made as small as 


L. H. The numbers in this and the following protocols refer to litres in each suceessive 
30 secs. 


Air 8 mins: 245, 285, 381, 2, 24, 215 = 155. 
Face congested, tightness round head. Held breath afterwards 1 min. 47 secs. 


0,8 mins.: 383, 36, 40, 388, 84, 82 = 218. 
Comfortable. Held breath 6 mins. 2 secs. Heart throbbing then and sweating begin- 
ning, no distress, desire to breathe suddenly become imperative. 

Air 8 mins: 255, 315, 33, 31, 28, 27 = 176. 


Same symptoms as before. Held breath 1 min. 45 secs. ee eee 
chest and headache at the ‘ bursting point.’ 


M. F. Air 8 mins.: 30, 37, 34, 32, 29, 2 = 188, 

Held breath 2 mins. 25 secs. The face was congested during the deep breathing. 
Tightness round head, lips cold and anmsthetic, pins and needles in left foot, hands felt 
cold and numb. 

O, 8 mins: 40, 40, 41, 87, 87*, 80° = 926. 

-* Hampered by irritation from dryness of throat and swallowing movements. 

Held breath 4 mins. 20 secs. Slight tickling sensation in back of scalp during the 
breathing. No other symptoms. 


In the case of J. M., over 50 years of age, the forced breathing of air 
produced group breathing audible to every one in the room, and the 
symptoms of numbness of the limbs and the dazed mental state were 
so unpleasant, that he was very unwilling to repeat the experiment. 
Forced breathing of O, on the other hand was quite pleasant and 
produced no grouped breathing. 

Prof. C. another middle-aged subject noted during forcible air 
breathing for 2 min., tightness round the head, aching in the forehead 
and inside the face, inability to associate ideas and blankness of mind, 
discomfort compelling him to stop. His blood pressure fell from 110 to 
90 and even lower during the inspiratory gasps. 

While breathing oxygen his mind was clear, and a slight aching 
in the head soon cleared off. His blood pressure did not fall below 
100 mm. Hg. 
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Deep breathing through the Zuntz meter. 
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R. A. R. Air 8 mins. 82, 42, 36, 32, 30, 2 = 201. 

Held breath 2 mins. 25 secs. Pressure feelings in head, darkness before eyes, pins and 
needles in hand and legs during the breathing. - 
0, 8 mins.: 88, 40, 87, 36, 387 31“ = 217. 

* O, supply gave out before time was up. 

Held breath 5 mins. 20 secs. Slight and evanescent symptoms. 
P. Young student. 
Air 8 mins.: 39, 48, 40, 47, 44, 46 = 268. 
Held breath 1 min. 12 secs. Very congested in face, slight tightness of face. Blood- 
pressure fell from 120 to 90 during breathing. 
O, 8 mins.: 41, 46, 46, 46, 44, 30 = 273. 
Held breath 1 min. 48 secs. Tightness in ears. Blood-pressure fell during reepirations. 


P. had extraordinary power of ventilation, and the fact that he only 
held his breath 1’ 48” after oxygen was a new and striking one. It 
seemed to us that he had impeded his circulation by the violence of his 
inspiration pan-costal in type. To prove if this were so he breathed O, 
more moderately—91 litres in 2 min. His pulse remained strong and 
regular all through, and he then held his breath 4 37”. | 

On another day he carried out the following experiments. 


(1) Forced breathing, air, as hard as possible for 1 min. Pulse very — Held breath 


irregular in force ies 70 secs. 
(2) Moderately forced breathing, air, pulse strong and regular 8 82 secs. 
(8) Forced breathing, O,, as hard as possible, pulse irregular in force 188 secs. 
(4) Moderately forced breathing, O,. Pulse very good and regular. 230 secs. 


A. O, 5 mins. Very little sensation of numbness. Blood - pressure 100 during in- 
spiration. Held breath 7 mins. 


Air 44 mins. Face very congested. Pins and needles very bad spreading up the legs. 
Dizzy feelings. ‘Something rushing in head,’ like going under gas. Bilood-pressure fell 
to 70—80 during inspiration. Held breath 1 min. 20 secs. 

R. A. R. Air 5 mins. 89, 42, 87, 86, 38, 88, $1, 82, 81, 34 = 388, 

Feeling of constriction round head very noticeable, Pins and needles in feet. Kept 
kicking legs because of their numbness. On holding the breath had tickling in throat and 
struggled to suppress a cough. After 2 mins. 80 secs. became intensely cyanosed, head 
thrown back, eyes set, general convulsive movements, consciousness lost. Quickly re- 
covered on removal of nose clip after the first gasp of air. 

O, 5 mins. after 15 mins. rest after last experiment: 
34, 33, 86, 36, 34, 33, 285, 980, 31, 32 = 883, 


Breathed a smaller volume owing to fatigue of the respiratory muscles. Slight numb- 
ness in hands, pulse very good, ‘felt grand. Held breath 6 mins. 45 secs, 


ö The student A with a great capacity for lung ventilation breathing 
air deeply and quickly as possible felt a buzzing in the head, as if going 
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under gas, could not see or hear the movement of the polygraph 
recording his pulse tracing, in a half conscious state, his mental state 
being absorbed in the effort of maintaining the deep breathing. Deep 
breathing O, was nothing like so unpleasant, the buzzing in his head 
was slight, he felt he could go on deep breathing for any time, and could 
see and hear the polygraph. | 


Fig. 1. Respiration and pulse tracings of P. 
A. Forced breathing, air. B. Forced breathing, oxygen. 
Inspirati upstroke, duration not force of breath is indicated. Time } sec. 


0 
Fig. 2. Pulse tracings of R. A. R. 
A. Forced breathing, air, standing up, at the start. B. At end of 2 mins. 
C. In recumbent position. 

Polygraph tracings of the radial pulse show a diminution almost to 
the vanishing point of the systolic wave during the inspiratory gasps. 
Finally the pulse may become like that of aortic regurgitation (Fig. 2 B). 
The amplitude is maintained better when O, is breathed, 
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On observing the heart with the Röntgen rays and screen it became 
evident to us that the heart shadow during each forced pan-thoracic 
inspiration becomes smaller. The curve of the left ventricle becomes 
flattened, the apex pulled 


in and the shadow less 
dense. While in the expi- | | 
rations following these it 
swells out, becomes larger 
and blacker. 
The screen shows us that 


the diaphragm descends well : 
below the heart during the 
forced inspiration, while on 
inspection we see that the 
abdominal wall is pulled in 

below the epigastrum. In 


rabbit or dat with opened 1 

.; Tracing of outline young man 
thorax it is easy to see that taken before and during forced breathing air. 
the vena cava inferior is The tracing paper was laid on the screen with 
pulled taut by the violent which the man’s sternum was in apposition. 


descent of the diaphragm 
during the: fn al asphyzial moved in about 2 o. om. both during forced 
2 1.8 inspiration and during the dyspnea following 
gasps, as it like wise is by severe exercise. 
the weight of the abdominal 
organs if the dying animal is hung in the vertical posture. It seems 
probable that the vena cava inferior is also pulled taut by the extreme 
pan-costal inspiration in our subjects, and so the flow of blood cut 
short from the abdominal organs to the heart. It also seems possible 
that the pericardium is pulled taut by the descent of the central 
tendon of the diaphragm and so impedes the filling of the auricles. 
It is possible that the vena cava inferior is compressed also between 
the liver drawn inwards by the abdominal wall and the crura of the 
diaphragm contracting and swelling forwards. 

We have had taken Röntgen ray photographs of the heart with 
exposures of 1 to 2 sec. (cp. Figs. 4 and 5) We saw no sign of cardiac 
dilatation following exertion. The heart was smaller during the 
dyspneic state, and did not become larger than normal after the 
dyspnoea had passed off. We are convinced that during forced thoracic 
breathing the circulation is impeded, and that the left ventricle is less 
well filled during each inspiration and gives a feeble or abortive beat. 
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Fig. 4. A before and B after the severe exertion of jumping up and down on to a chair 
18 inches high 70 times in as many seconds, i.c. about 18000 foot-pounds per min. 
The subject, a young man, stood in a frame in the same position in each case, and 
took up the position immediately after the exertion. His thorax was in apposition 
with the carrier holding the photographic plate. The Réntgen light was about four 
feet away. At the word the subject arrested his breathing in the full inspiratory 
position, raised a finger and the light was switched on for 1—2 seconds. 


Fig. 5. 4 and B were taken from another subject, a powerful athlete, in the expiratory 
position before and after the exertion of lifting the body up and down from the floor 
by the arms (the toes resting on the ground) till exhausted. 

The photographs show that in both cases the shadow is not enlarged but smaller 
immediatery after the exertion. This is contrary to the opinion usually received. 
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To such an extent is this the case, that he who breathes moderately — 


deeply can hold his breath much longer than if he breathes with 
extreme force, and a subject who breathes oxygen to the utmost cannot 
hold his breath more than a minute or two, which after breathing 
it by deep abdominal breaths he can hold his breath for six minutes. 
The blood is pooled in the abdominal veins and hence the thready 
radial pulse after great exertion. The high rectal temperatures noted 
by us—103—105° F. after a three mile race—may in part be due to 
this pooling of the blood. Second wind means the establishment of 
an abdominal type of breathing, and the adjustment of the rate of work 
to the ventilation and circulation capacity. : 

That the effects of deep breathing is largely due to interference with 
the circulation is shown by the different results we have obtained in the 
upright or recumbent postures. Haldane and Poulton citing an 
observation of G. J. Martin and Poulton’s experience conclude that 
such breathing is not uncomfortable, and does not produce tingling 
sensations, etc, in the recambent position. We are not able to confirm 
this conclusion, for deep breathing in students with great power of 
ventilation does in the recumbent posture produce all the usual 
symptoms; nevertheless the discomfort is less, and the breath on a full 
inspiration can be held afterwards much longer even after a less ample 
ventilation. In men with shallower power of breathing there occurs no 
discomfort in the recumbent posture. In the standing posture the 
influence of gravity increases the effect of the forced inspiration, and 
the blood pooled in the abdomen to a greater degree is thus less well 
aerated. In the lying down posture venous congestion of the face is 
evident, caused by the obstructive effect of the forced expirations. Two 
of our subjects noted a drowsy feeling as a result of the forced breathing 
in the recumbent position. Deep breathing is not so easily accomplished 
in the recumbent posture and the ventilation in consequence may be 
somewhat less ample, 

Forced breathing for one minute usually produced less marked 
discomfort than the two minutes breathing. : 

‘The incoordination of the fine muscular movements produced by 
forced breathing is shown by the writing of the subjects before and 
immediately after the breathing. We give an example. (Fig. 6.) 

The washing out of CO, has an unfavourable effect in long continued 


inhalations of O, us is shown by the effect of extending the period 
of moderately forced breathing. 
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Influence of posture on the effects of forced breathing. 


1’ 85” About 10 mins. interval allowed between 
55” these successive experiments. 


35” Breathing rapidly. 


2’ 20” Breathing less ample owing to attention 

1’ 18” — ven to keeping hand quiet for 
tracing. 

ry ae No pulse tracing taken. 

V1 — 


40” After last forced expiration amoant left 
15” 
88” 


50 — 


32“ Bands round head and aching, constric- 
tion round mouth and eyes, swaying 
towards end, dull epigastric pain, pale. 

23“ Slighter symptoms. 

55” In 2nd minute tingling, stiffness and 
tightness of neck muscles and wrists 
and hands, dimness of vision, constric- 
— oe mouth and eyes. While 

ing breath symptoms very evident 
and felt as if undergoing anesthesia 
with N. O, 
73” = of vision, giddy, cyanosis of 


ps. 
48” Bands round head, and needles in 
hands and feet, of vision, no 
end 


least severe when sitting and lying 


| eset when ating ying 
down. 


— 
— Congestion of face, bands round face. 
1’ 5” Rapid shallow breather. Headache 
while breathing. 

1’ Little discomfort. 

I’ Quite comfortable, could breathe more 
quickly, but less amply, 


H. B. W. Recumbent 1 min. 67°61. 2°51, a 
* 66 2-54 . 

Bittingdow, „ 97 ᷣ2˙99 

R. A. R. Recumbent 455 2°16 
Standing ” 70°4 2°34 

Recumbent 612 2-04 

Sittingdown 64 2°13 

H. B. W. 78 — 
Standing 

68% 2°76 

Sittingdown 69°5 8°65 

Recumbent am 686 26 4 
R. A. R 82-4274 87 q 

Recumbent “ 69°1 2°38 — 
H. B. W. Standing 2 mins. 137 2°74 4 

Sitting * 124 2°64 

Recumbent 8 116 2°58 

R. A. R. Standing 6 

Sitting 69 158 ˙5 

Recumbent 64 141 223 60% Fell during forced breathing. 

Sitting ins most severe standing, least 

Recumbent 166 — 4 

H. B. w 1365 — Us 
| Recumbent 116˙1 — — 
8. Standing 135 — Rapid shallow breather. Symptoms of 

Sitting 120˙1 1°80 

Recumbent * 1172 1°33 { 

L. H. Standing 10 161°5 

Recumbent * 139 1-06 
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Duration of moderate Time tension at Vol. of air expired 
Subject 1 breath held Creaking point at point 
L. K. 60” 210” 784 % 2 
120 247 89 930 0. o. 
10 180 305 1450 
M. F 60 152 6˙30 1500 
* 120 197 7°165 1425 
180 205 6°18 1500 
The experiments were successive with short intervals of repose. ey 


The figures, as far as they go, saggest that as the inhalations are 
lengthened the breaking point’ occurs at first with a higher and then 
with a lower alveolar tension of CO, 


Fig. 6. The writing of R. A. R. before and after forced breathing 
of air for two minutes. 1. 


We have by a further series of experiments convinced ourselves that 
too prolonged forced breathing of oxygen does lessen the duration of the 
subsequent apucha, also that while breathing O, maintains the power and 
increases the duration of the deep breathing, it does not continue to do 
this idefinitely at least in these with a great power of pulmonary | 
ventilation. Oxygen breathing allows the subject to wash his CO, out 
to a level which cannot be reached by deep breathing of air alone. 


The following experiments were carried out in the sitting posture: 


N 
— 
W. (Chinese student) 4-16 CO, 2°68 CO, 2-39 OO, 


16°60 0, 18-04 0, Excess O, 


Va 
— 
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_ While breathing air the subject felt as if a band were drawn round the head, and giddy 
and uncomfortable. On breathing O, he was at first more comfortable, but after 8 mins. 
| complained of pins and needles in the limbs and showed slight periodic breathing. After 

9 mins. did not want to breathe. After a slight rest breathed up to end of 11 mins., 
| but the breathing was very shallow. This subject was not capable of any great pul- 
monary ventilation. 


G. E, Moderate power of ventilation, deeply breathed O, (the gas was warmed and 

moistened), starting with a frequency of 50—54. After 84 mins. he had ‘pins and needles’ 

im both hands, After 5 mins. felt ‘ twitching of the facial muscles’ and a feeling of con- 

striction round the face; periodic breathing began. At 6 mins. he looked very red in the 
face. At 74 mins. he was not breathing so deeply, his fingers were getting cold and numb 

and his wrist and fingers were drawn into a semi-flexed position. Periodic breathing 

was marked, At 8 mins. he was breathing 48 times in the minute. The volume of pulse 

was still good. At 10 mins. breathing 44 to the minute, alveolar tension CO, 29 %., At 

104 mins. he held his breath after a full inspiration of O,. Marked tremor of the fingers. 

we I mins. later signalled ‘ more comfortable, tremor still marked. After holding breath 
dor S mins. tie pulse was strong and regular, the hands warm and showed no tremor or 

contracture. Apnoea lasted-6 mins. 20 secs. 


A. Deeply breathed air. Capable of great pulmonary ventilation. 
After 3 mins. felt constriction round chest, perspiring, pins and needles’ in hand. 
At 44 mins. alveolar tension CO, 202 % . Began to breathe O2, felt better after another 
14 mins. At 8 mins. was expiring each breath on the average 11. At 9—10 mins. felt 
pins and needles’ again in limbs. At 13 mins. alveolar CO, tension 1°976°/,. At 14 mins. 
. O, supply ran short. On continuing to deep breathe air felt ‘very queer.’ Sample at 
‘ 153 mins. gave alveolar CO, tension 1°76. Apna lasted 5 mins. 28 secs. 


M. F. Deep breathing air. Great power of ventilation. Usual feelings of discomfort. 
Alveolar tension after 5 mins. 2°04°/, CO,. After 7 mins. 1°70°%, CO, Oxygen then 
breathed, symptoms better and power to breathe much increased. At 11 mins. hands and 
fingers semi-flexed, cold and numb, like dead fingers. At 18 mins. numbness increasing, 
felt cold, pulse 88, small volume, regular. Alveolar tension OO, 2°029. At 144 mins. 
sensation of band round back of head. At 15 mins. pulse waxing and waning in force and 
volume, difficult to count. At 16 to 17 mins. hands felt cold, lips hot, average expiration 
1-71. At 19 mins. pulse irregular, few beats reaching the wrist. Alveolar tension CO, 
1472. Stopped deep breathing. Shivering, speech blurred, subjective sensation of face- 
a twitching (nothing to be seen), mental state excited, but fully conscious. At 205 mins. 
quiet breathing of air, felt quite composed, hands cold, still shivering, speech improving. 
At 21 mins. speech all right, pulse regular. At 25 mins. hands warming, ‘pins and 
needles,’ pulse of full volume and regular. 


L. H. Deep breathing air. Pleuritic adhesions on left side have lessened vital capacity 
| from 43 to 84 litres. After 1 min. 87 secs. alveolar CO, tension 3°15°/,. Oxygen breathed, 
| felt much more comfortable and could inspire more forcibly. After 6 mins. 35 secs. 

2°36 % CO,. Breathed air again, usual symptoms came on, after 8 mins. 40 secs. 
8-06 /⁰ CO,. 


ö H. B. W. Deep breathed air, 35 per min. at start. Good power of ventilation. After 
6 mins, 2°516 % CO,, tightness round head, giddiness, mouth screwed up, difficult to take 
: lips away from alveolar air tube, numbness of hands. Subject says he first noticed “a 

sensation of breathlessness similar to that felt after running hard.” This grew more and 
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more marked. ‘Next a curious tingling was felt under the chin. This spread over the 
face until the facial muscles surrounding the eye and the orbicularis oris seemed affected. 
They seemed as if contracted up in concentric rings, the eyes were difficult to open fully, 
and the mouth was felt pursed up in the form of an O, so that speaking became difficult. 
At the same time a tightness was felt over the scalp and around the forehead, the legs and 
arms became heavy and numb. There was sweating towards the end.” On breathing in 
and out of an empty bag relief came in 50 secs. The sensations passed off in the reverse 
order. The feeling of respiratory embarrassment disappeared first, the numbness in the 
limbs persisted longest. 

On deep breathing O, (85 per min.), the tingling under the chin was noticed after 
5—6 mins. At 6 mins. 50 seca, 2°55 °/, CO,, did not feel half so queer. At 74 mins. 
numbness of arms felt, at 9 mins. 80 sees. 1°87 */,CO,. The various symptoms de- 
scribed before were felt in the same order, but took much longer to appear. They 
disappeared with great suddeness. The fingers of the left hand set themselves in a 
position of semi-flexion and could only be moved by a fairly considerable voluntary 
effort.” On breathing in and out of the empty bag the symptoms quickly passed off 
except the numbness and incapacity for movement of the limbs, which was noticed on first 
standing up and attempting to write. The cutaneous vessels became very dilated after the 
experiment. 

To test how quickly the return of the CO, tension, H. B. W. deeply breathed O, on 
another occasion. After 2 mins. 3:54°/, CO,, 4 mins. 2-54, 5 mins. 2°61, breath held, 
15 secs. later 2°69, 30 seos. later 2°79, 45 secs. later 2°94. He inspired once after each 
sample was taken. 

The subject then breathed oxygen again and ran up and down a flight of 26 stairs 
7 times, and we obtained the following alveolar tensions. 

Immediately after 6-17 % CO, , 3 mins. later 4-09, 8 mins. later 3°78, 18 mins. later 4-37, 

100 mins. later 4°55, normal next day 4°50. 


The figures show that in spite of more than 5 min. oxygen breathing, 
there occurred asphyxia of the muscles during this excessive rate of 
work—about 11000 feet pounds per min.—and this was followed by a 
period of hyperpnœa and washing out of CO,—just the same result as 
Haldane and Douglas obtained after deep breathing air for 1 min. and 
climbing 40 feet of stairs. The exercise was performed easily by the 
subject, and with little feeling of distress—the heart and brain had 
plenty of oxygen for the task, but not the muscles. 


The effect after deep breathing of quickly raising the alveolar tension of OO, is shown 
by the following. 

L. H. deeply breathed air. Uncomfortable after 2 mins. 31 secs., alveolar air 
8-36°/, CO, Breathed in and out of empty bag. Comfortable in 38 secs., alveolar air 
4°88 °/, CO,. Deeply breathed air again. At 7 mins. 43 secs. slightly uncomfortable, 
alveolar air 3°83 % CO,. Breathed in and out bag, comfortable in 32 secs., alveolar air 
4°82 % CO,. Before the bag breathed 134 J. in 22 breaths, after the bag breathed 17} 1. in 
22 breaths. 

1 min. 28 secs., and after the bag had removed FFF 
use of the bag restored the breathing power. 
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M. F. deeply breathed air. After 1 min. 45 secs. very uncomfortable, alveolar tension 
211°/, CO,. Breathed in and out of bag, comfortable in 30 secs., alveolar tension 4-0 °/, 
C002. Deeply breathed air again, uncomfortable after 90 ges., alveolar tension 2°46 % CO, . 
Breathed in and out of bag, comfortable in 35 secs., alveolar air 4-33 % OO,. 


In these experiments breathing oxygen in our opinion increased 
the ease of inspiration, while breathing air containing CO, increased the 
expiratory power. We would note here that the expiratory blast in 
deep breathing is made against a certain amount of resistance. The 
lips are partly closed so that the escape of the blast is retarded. 
Synchronous with this occurs a return in volume and force of the pulse. 
In a steady run when the ‘second wind’ is established, there occurs 
the same retardation, and the abdominal muscles come into play, 
and regulate the filling of the heart. 

In the short-lasting intense exertion of a sprint, and in running up 


and down stairs we believe part of the blood returning from the limb 


is shunted into the abdominal venous cistern, the breathing is pan- 
thoracic and the heart is small in size, and rapid in action, circulating 
a smal! volume of well-aerated blood through the central nervous system 
and coronary arteries, the blood pressure being very high and the 
peripheral arteries contracted. The muscles have to contract then in 
more or less an asphyxial state, and produce lactic acid as well as 
carbonic acid. Ryffel' found an increase of about 800 mgrms. lactic 
acid in the urine after running z of a mile with much dyspnea. The 
carbon in 800 mgrms. lactic. acid equals a production of 540 C. c. CO,, say 
the amount excreted in 18 breaths of 1000cc. containing 3°/, CO,. 
The blood coming from the legs retained in the venous cistern of 
the abdomen, surcharged as it is with muscular waste products, is 
brought into circulation in the subsequent period of hyperpnœa after 
the exertion is over. 

In a long continued cross-country run on steady exertion, the rate 
of oxygenation and of exertion keep pace together. The breathing is 
abdominal, the peripheral arteries are full, the frequency of the heart is 
less, the heart better filled. The respiratory pump and the cardiac pump 
are brought into rhythm, and one fills the other. 

The favourable effect of moderate abdominal breathing—in com- 
parison with forced thoracic—is shown by the following figures. With 
less ventilation the breath can be held longer, because the blood is 
cireulated better, and so better ventilated by abdominal breathing. 


1 Proc. Physiol. Soc. p. xxix. This Journal, XXXIX. 1910, 
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Effect of Type of Breathing. 
Subject Type Ventilation Gam wanes Alveolar air at end 
L. H. Deep thoracic As hard 60 101 6-245 OO,, 7-751 O,. 

as possible 

L. H. Deep abdominal Steadily 60 159 6514 OO,, 7°78 0, 
L. H. TLoracic 49 1. 60 95 Last insp. 1100. 
L. H. Abdominal 18 J. 60 139 „% 
L. H. ie 20 1. 60 119 „ „ 10. 


The observations on the subject P. cited above prove the same point. 


Our results confirm in part those of Yandell Henderson’. We 
thought at first that as forced ventilation disturbs the circulation 
mechanically, that O, want and not the washing out of CO, was the cause 
of the symptoms of shock which he produces, The fact that O, breath- 
ing prevented in the more elderly subjects unpleasant symptoms and 
allowed them to deep breathe indefinitely, supported us in this supposition, 
so did the evidence we obtained as to the mechanical interference with 
the circulation which deep thoracic breathing causes. The effects of 
continued forced breathing of O, in men capable of great pulmonary 
ventilation, have now convinced us that when tae CO, is washed out to 
a low level, the pulse becomes feeble and irregular, the limbs numb, 
feelings of discomfort great, while a spastic state of the hands occurs. 
The peculiar point we have discovered is that high O, tension allows one 
to wash the CO, down, to the low figure, 1°5*/, with impunity, and 
although the radial pulse becomes irregular and feeble, the dangerous 
symptoms of shock have not occurred which Yandell Henderson 
regards as inevitable. 

The effect of the continued forced ventilation of animals when 
oxygen is used demands enquiry. 

Yandell Henderson finds that shock of the intestines is pre- 
vented by not exposing them to air, but to an atmosphere containing 
CO,. After opening the abdomen, he covers the intestines with a sheet of 
celluloid, and conveys a current of CO, underneath this. The guts then 
remain free from congestion, and carry out active movements. His 
experiments indicate that the surgeon should use every method to 
prevent exposure of the tissues to the air, and that the ansesthetist 
should maintain the alveolar tension of CO, during the quick breathing 
excited by operative procedures, diminishing the ventilation. The fact 


Amer. Journ. of Physiol. xxx. p. 126. 1908; xxmt. p. 845. 1909; xxtv. p. 66. 1909; 
xxv. p. 385. 1910. 
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that the energy of the heart beat is weakened and the systolic 
output reduced by forced ventilation cannot be wholly ascribed to the 
washing out of CO,, for the heart, treated as a surviving organ, 
beats well and for days if irrigated with a suitable and well oxygenated 
saline solution. The forced ventilation by its mechanical inter- 
_ ference with the circulation lessens we believe the oxygenation, 
and then the low tension of CO, exerts its ill effect. Our ex- 
periments seem to show theremarkable fact that a high oxygen 
tension moderates the effect of both an abnormally low and 
high tension of CO,. 

To demonstrate the relative effect of deep breathing air or 
oxygen on capacity to do work, we have chosen the method of seeing 
how much work can be done while the breath is held up to the breaking 
point. This method puts a strain maximal in intensity, and in speed of 
onset, and so brings out unequivocal results. It is a method which we 
suggest may be used with advantage in determining the action of toxic 
agents such as alcohol and tobacco, on the power to do work. 

The work performed has been (1) lifting a 60 Ib. weight up a height 
of 18 ft. by means of a pile-driver ’. arrangement, the rope being attached 
to both a handle bar and a foot pedal, so that the two arms and a foot 
can be bronght into play. (2) Running up and down the long 
laboratory, which affords us almost 30 yds. to the length. (3) Putting 
one foot on to a chair and lifting the body weight up to the level of the 
seat a number of times in succession. 

Before performing the work either air or oxygen is breathed through 
a mouth piece provided with ‘in’ and ‘out’ valves, from a large bag. 
The gas is drawn from the bag and expelled into the atmosphere. The 
oxygen has been warmed and moistened on its way to the bag in some 
cases. 

The work was always done with the air test first, and the oxygen test 
last, so that everything was against the oxygen test, as the periods for 
recovery allowed between the successive tests was only about 5 minutes. 

The subjects were just told to go on as long as they could. They 
were not urged to work as quickly as possible, Nevertheless the 
‘pull’ experiments show that in every case but one oxygen 
accelerated the rate of work as well as notably increasing 
the amount. done and the duration of the effort. 

Take the case of J. M., for example, who pulled 17 times in 23 sec. 
after ordinary breathing, 30 in 50 after 3 min. deeply breathing air, and 
70 in 85 after 3 min. deeply breathing O,. The analyses of alveolar air 
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obtained at the end of the work at the breaking point shows that a 
much higher tension of CO, (up to 11% can be borne after deep 
breathing O, 

In the case of the running experiments, the subjects ran as nearly 
as they could at the same pace: the turns at each end of the laboratory 
prevented any great pace. 

By a series of tests we found very varying amounts were inspired if 
the subject was told to take a quiet inspiration just before holding his 
breath, so the work in each case was done on a full inspiration. The 
ventilation was recorded during the deep breathing. The figures show 
that the very striking results obtained cannot be inscribed to a greater 
ventilation and washing out of CO, in the case of the oxygen breathing 
experiments. 

Take the case of R. A. R. He ran 113 yds. in 293 secs. after ordinary 
air, 150 yds. in 35% after deep air, 256 yards in 623 after deep oxygen. 
In every case both of ‘ pulling’ and running the subjects pronounced on 
the greater ease with which the work was done, and absence of cardiac 
distress. The face becomes blanched and shrunken at the end of the 
effort after air, it remains of good colour after oxygen. The subject 
wants to bend or lie down after air tests and cannot speak, it is other- 
wise after oxygen. 

The higher percentage of CO, in the alveolar air calls forth 
sweating and dilatation of the cutaneous vessels. 

In the case of S. E, the laboratory attendant, who ran holding his 
breath after oxygen 470 yds. in 110 sec., we noticed that he ‘ wobbled’ 
in his course and knocked his feet together in the last lap. We stopt 
him, or he would have gone on and fallen. Thinking he was faint we 
bent him double and told him to breathe. He took no notice. On 
removing the clip from his nose he took a stertorous breath, We laid 
him on the floor, and after about half a minute he got up on to a chair 
and looked round him in a dazed condition, and recovered his senses in 
about a minute. He had been unconscious of all that had happened 
during this time. His colour was good and there was no cyanosis. 
When on the floor his pulse was found to be good. From the colour of 
his face and the results of other analyses of alveolar air, there can be no 
doubt he still had plenty of oxygen in his lungs, and we conclude that 
his alveolar CO, tension had risen to such a point that he had become 
comatose and was running automatically. 

In the case of L. H. the CO, tension rose to the high figure 10°715°/,, 
and he did not push himself beyond the point of being able to collect 
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the sample, and had run for only 48 sec. It seems possible that S. E. 
may have had something like 15 / of CO, in his alveolar air at the 
end of 110 sec. 

Prof. W. M. C., a worker in experimental psychology, said that 
feelings of discomfort and a lessened clearness of mind came on early 
after breathing air, in the case of O, after running 245 yds. in 65 sec. he 
could have gone on running, but his consciousness seemed ‘far away.’ 
He omitted to properly take the sample of alveolar air owing to this 
far awayness,’ 

There is abundant evidence of athletes running themselves out till 

the field of vision becomes dark before them, till they cannot tell 
direction and wobble in their course, till they involuntarily evacuate 
feces and urine. The effect of oxygen on the channel swimmer Wolffe 
showed us that oxygen want may be a cause of such symptoms. The 
difficulty of breathing in the choppy sea must contribute to this being 
the chief cause in the case of a swimmer. We have been told of a 
runner who was much refreshed by oxygen given near the end of a 
Marathon race. On the other hand in a 24 hours’ walking race of the 
Blackheath Harriers, when many competitors walked over 100 (up 
to 126 miles), there was no evidence that oxygen want contributed to 
the fatigue. Ryffel found no lactic acid, and the administration of 
oxygen by one of us to one competitor who had given up seemed to 
have little, if any, restorative effect. We have to deal with causes of 
exhaustion here quite different to those of the runner. The sprinter 
really suffers from a temporary asphyxia and benefits from a full initial 
supply of O, and a washing out of CO,. The long distance runner finally 
comes to a state of cardiac fatigue when oxygenation does not keep 
pace with the demands of the muscles. He is then benefited by a 
temporary inhalation of oxygen. 

To further contravert the statement of Haldane and Douglas that 
quiet breathing of oxygen has no effect and that deep breathing of O, 
acts beneficially only by the washing out of CO,, we give the following 
results, The work ‘ pulling’ or running’ was done on a full inspiration, 
after deeply breathing air or quietly breathing oxygen. It will be seen 
that ‘quiet oxygen’ gives much the best results and the highest CO, 
tensions, 

In the case of J. B., running after quietly breathing O,, the alveolar 
CO, went up to 11:18 % Here we have the evidence that doing work 
enables one to stand a higher alveolar CO, percentage than in the case 
when one is sitting quiet and holding the breath. The movements of 
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(2) After deep breathing Air, 2 mins. 

Time 

in secs. 
81 
32} 
28 
36} 
344, 
55 
353 
82} 
27 


DEEP BREATHING AIR. DEEP BREATHING OXYGEN. 
Table showing amownt of work done as Running with breath held. 


(1) After full inspiration 
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9°19 over60 In (2) felt heart very much. In (3) 
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no heart symptoms. 
expirations. After the deep-air run it was 
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pulse was irregular after the air and not after O; runs. 
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running may pump the blood from the abdominal venous cistern into 
the heart and so keep up better the oxygen tension in the centre, while 
the act of working takes off the attention from the discomfort. If it 
was not necessary to reserve some energy, enough to take the alveolar 
air sample, the CO, tensions, no doubt, could be driven to levels higher 
than our analyses show, before the breaking point came. 


DEEP BREATHING AIR. QUIET BREATHING OXYGEN. 


Table showing effect upon work measured by Work Machine. 


Time Workdone’ No.of Time Workdons ‘Time Work done 
Subject pulls in sees. in Ibs. pulls in secs. in Ibs. pulls in sees in ibe. 
L. H. — — — 87 89 8830 57 56 5130 
M. F. — — — 87 46 3330 50 55 4500 
8. E. — — — 24 36 2160 34 42 3160 
A. G. W. 14 22 1260 19 ? 1710 25 82 

(7-59 COs, 9°87 Og) (8°60 CO, excess 
J. B. 30 29 2700 81 29 2790 89 83 8510 
(8-30 CO,, 5°84 0% (9°49 CO, excess O:) 
A. D. 8. 25 24 2250 33 34 2970 55 58 4950 
(8°94 CO,, 6°60 0% (9°51 007, excess 
v. — — — 18 28% 1170 26 44 9840 
(7°61 C05, 10°51 0% (8°88 C02, excess O2) 


DEEP BREATHING AIR. QUIET BREATHING OXYGEN. 


Table showing amount of work done as Running with breath held. 


(1) After full inspiration 


(2) 


After 1 min. deep Air 


(3) After 1 min. quiet O, 


2 


No. ot Time 0% Alx. Air at end No.of Time % Alr “No. 
Subject in secs. 58. * 


B. C. P. 108 28 820 7˙21 
J. B. 118 25 8˙09 
A. D. 8B. 120 80 


145 
151 
164 


31 
34 
38 7˙15 


7067 5°70 


7°65 


* Obstructed in running. 


159 
174 
208 


87 
38 
49* 


118 50 


The sprinter can and does run a 100 yds. without a breath. The 
limit we are told is about 120 yds. Our results seem to show that 
after deep breathing O, for a few minutes 220 or even 300 yds. 
might be run without a breath. The mechanical advantage of not 


breathing during a sprint is probably considerable. 


366 
(1) After normal inspiration (2) After deep Air (8) After quiet Oxygen 
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To distinguish between the influence of the O, stored in the body 
fluids and in the lungs, we have deeply breathed O, for 14 minutes and 
then air for 30 sec., this is sufficient to clear the excess of O, out of the 
lungs. It removes of course much of the oxygen stored in the body, but 
not all as shown by the results. 

The following table gives the analyses of the alveolar air after 
breathing O, for 1 30”, and air for 30” and shows that the excess of 
oxygen in the lungs is washed out by breathing air for 30”. 


Alveolar tensions. 
(1) After 2 min, deep Air (2) After 1} mins. deep O,,} min. deep Air 
M. F. 2°48 % 4 18-77), 2-24 %, 19°00 % 
O. H. M. 8°04 18°38 2-96 18°99 
K. B, 3°37 18°41 4°14 18-56 
H. 2:66 18-40 2°93 18°89 


The next table shows that more work is done after this than after 
breathing air for 2 0”. 


Work done. 


(1) After deep Air 2 mins. 


No. of Time Work done “No.of ‘Time Work done 
pulls in inft-ibs. pulls in see. inft.-Ibe. Remarks 


L. H. 36 32 3240 40 37 8600 Almost immediately after 
41 388 3690 Later. 

M. 32 60 4680 39 55 6810 — 

M. G. 4 34 3870 49 68 


4410 As far as Te in (1). In (2) did not 
push himself 80 far, stopped in 
condition. Marked slowing in rate of 
work owing to fatigue of muscles. The 
weight was too much for his strength. 


In the next table we give the 3 of a succession of efforts to 
hold the breath, one breath being taken between each successive effort. 
The help given by O, is here again conclusively shown. The quiet O, 
results however are less than the ‘deep air, owing to the shallowness of 
the quiet breathing—only 44-5 l. per minute. The table on p. 369 
gives the number of pulls or lifts and work done during a succession of 
efforts with the breath held, one breath being taken between each 
successive effort. 
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The results show that the oxygen still left in the body after 
breathing O, for 1’ 30” and then air for 30”, gives a notable increase to 
the working power. This increase is given in the first effort; the O, is 
almost but not quite expended by this first effort. In those experi- 
ments in which the lung is filled with O,, the first effort is notably 
prolonged and the O, is so far expended in this effort, that little effect 
is left after the first breath has partly washed out the lungs. 


(1) 2 mins. deep Air Air ( 2 mins. deep O, 
No.oftimes Work No.oftimes Work No.oftimes Work 
Subject work done inft-lbe. work done in ft.- Iba. work done in ft-lbs. Form of work 
L. H. 20 — 80 — 49 — Lifting 60 Ib. wt. 
10 — 12 — 24 — 18 ins. on work 
2 — 1 — 18 — machine. 
10 — 8 — 6 — 
1 — 0 — 2 — 
10 — 10 — — — 
53 4770 61 5490 94 8550 
in 6 in 6 in 5 
W. T 32 — 87 — 57 — As above. 
11 — 10 — 12 — 
7 — 9. — 7 — 
5 — 7 — 7 — 
4 — 5 — 5 — 
5 — 6 — 5 — 
4 — 5 -- 6 
68 6120 79 7110 99 8910 
H. 7. 20 Working 21 Working 82 Working Lifting body from 
weight 7 left leg 8 right leg 9 left leg floor through 18 
12 t. 1 bs. 6 — 6 at a 6 — ins. Preferred to 
5 — 5 disad - 5 — work left leg. 
5 — 5 vantage 5 — At end of (3) 
4 — 5 —— 4 — CO,=9°70. 
4 — 4 — 4 — 
51 187314 54 145893 65 17-5013 


The experiments indicate that a preliminary breathing of oxygen 
will give help in the first part of race, and will be of more use in sprints 
such as the 100 yds., 220 yds, or the quarter and in the half-mile than 
in longer races. For if the athlete held his breath and run till his CO, 
tension reaches a high point, on taking the first breath or two and 
washing out the O, in his lungs, he may be at a disadvantage from the 
excess of CO, in his body. Mr Just ran the second lap of his record 
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half-mile in 614 sec., the first lap in 54 sec., thus demonstrating that 
the oxygen effect was mostly expended in the first lap. We have 
enabled two sprinters who could not last out the quarter to finish this 
distance. They ran the first 360 yds. very fast but staggered in over 
the last 70 yds. After 10 minutes’ rest and more oxygen they ran 
100 yds. in 103 sec., a fast time for an unpaced trial after the punish- 
ing effect of a quarter. There is no doubt in the minds of all our 
subjects that oxygen not only makes the exertion easier, but leaves 
them less exhausted afterwards, and ready for a further exertion, and 
that if taken immediately after exertion it relieves the distress of the 
heart, 

We have made a few experiments which seem to show that oxygen 
inhaled some 15 minutes before exertion has an effect on the amount 
of work done, although this effect is comparatively slight. The first 
hill in a bicycle ride is taken more easily. 

It is of interest to consider the volume of oxygen in the body of 
man under normal conditions, and after breathing oxygen for some 
minutes until partly saturated. Suppose the body-weight is 70 kgm. 
and the capacity of the lungs after the deepest inspiration is 5000 c.c. 
That the blood is 5% of the body-weight, say 34 l.; the fat 15% of the 
body-weight say 10 l.; the body-water 64% of the body-weight 
say 451. After breathing the oxygen and the deepest inspiration the 
lungs will contain say 4500 cc. O,. Supposing 4 of the blood is 
normally arterial and contains 18°5 °/, O,, and the rest is venous with 
10˙5 / O,, and that the whole of the blood is arterialised by the 
oxygen up to 185°, there will be in the blood, say 550cc. Fat 
dissolves from an atmosphere of O, about 5°5 °/,. If the fat were all 
saturated it would take up about 575 cc. Suppose it is about half 
saturated, it will hold say 300c.c., the body-water can dissolve about 
2˙5 %, and if saturated would take up about 1150 cc Suppose it is 
about half saturated, it will hold say 600c.c. We have then 4500 c.c. 
in the lungs, 1450 ce. in the body, a total of 5950 c.. O,, enough to 
last the resting man while holding his breath 20-30 minutes, if he were 
only able to store CO, (or absorb this gas) in his lungs. The time he 
can hold his breath is set by the period it takes for the CO, to reach 
10% or a little over. That oxygen stored in the lungs plays the 

part, our work experiments show. 

Under ordinary conditions there would be in the lungs 3000 c.c. at 
15% O,, 500 Cc. at 21% O,, total say about 550 C. O,. For the blood 
about 350 ce. O,. The body fluids are as far as we know oxygen free, 
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whether the fat is so is doubtful, so the total would be say about 
900-1000 c.c. 

We have made some observations which show that immersing the 
face in cold water shortens the period of holding the breath. The two 
uncomfortable sensations are summated. This agrees with some experi- 
ments on men diving in a cold swimming bath. Oxygen inhalation had 
far less effect in prolonging the duration under water in comparison 
with the time the breath can be held in the air. The longest time was 
44 sec., and in one case when the water was very cold the duration 
(15 sec.) was not lengthened at all by oxygen. We have uot yet had an 
opportunity of repeating the diving experiments in warm water, but 
from the experience of sponge and pearl divers and the following figures 
the difference is likely to be a striking one. 


Face immersed in water at different temperatures. 


Time Time 
Temp. breath held Temp. breath held 
L. H. 36 33 L. H. 5 25 
12°5 25 Consecutive 41 34 
34 38 ae 5 80 Another day 
12°5 34 40 40 
M. F. 86°5 60 M. F. 5 25 
12°0 82 41 36 
40°0 46 ” 5 36 ” 
115 40 42 52 
L. H. 38 40 Lat W. M. OC. 42 42 
11°5 26 : 7 80 


A singer, Miss M., distinguished in her profession, asked us to try 
on her the effect of oxygen inhalations, to test her power to sustain a 
note or trills in a number of consecutive periods with one breath 
between each. After breathing oxygen with moderate depth she easily 
sustained half a dozen or more periods. For example (1) 23, (2) 27, 
(3) 24, (4) 21, (5) 30, (6) 28, (7) 19 sec. She found herself free from 
the sensations of cardiac distress, ‘thumping of the heart,’ and said that 
she would without the aid of oxygen have had to interpose short periods 
and get in two or three breaths between the long periods. Thus music, 
different in form to the usual, could be written for a singer who breathed 


oxygen. 
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SUMMARY. 


1. The inhalation of oxygen lessens the discomfort of forced 1 
breathing. It enables young men with a great power of pulmonary | 


ventilation to go on with forced breathing for as long as 19 minutes, | 
and to wash the CO, out of the body till the alveolar tension sinks | 
to as low as 1°47 %, 

It enables older men with a smaller ventilation power to breathe 
forcibly in comfort as long as they like, and abolishes periodic breathing 
in them. 

2. The ventilation power is much greater in the young student 
than in the middle aged. 

3. Oxygen inhalation allows a man to stand a much lower as well 
as a higher tension of CO, than is normal. The lowest tension we have 
observed during forced breathing is 1°47°/,. The highest during exertion 
with the breath held 11°18 °/,. 

4. The discomfort of forced breathing is due to the washing out of 
CO,, as is shown by the quick relief given by forced breathing in and 
out of a bag. Want of O, influences the onset of the discomfort, 
because forced thoracic breathing causes a mechanical interference 
with the circulation and increases the effect of washing out CO, by | 
lowering the tension of O, 

5. The left ventricle becomes smaller, the radial artery emptier, the 
blood pressure lower with each forced thoracic inspiration. The effect : 
on the circulation and the discomfort of forced breathing are greatest in 
the standing and least in the horizontal position. 

6. Oxygen inhalation enables the athlete to excel by making him 
able to stand a higher tension of CO, After deep breathing oxygen 
and filling his lungs with the gas he can run 200-300 yds. without 
breathing, and this gives him a mechanical advantage. The beneficial 
effect is due partly to the oxygen in the body, and chiefly to that in the 
lungs. 

7. The effect of oxygen inhalation is almost entirely spent by the 
first period of exertion which follows the inhalation. 
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A NEW FORM OF BLOOD-GAS PUMP. 
By G. A. BUCK MASTER AND J. A. GARDNER. 


In the collection of the gases of the blood for analysis, we, as other 
observers, have found it difficult to avoid accidental leakage of air into 
the pump during evacuation of the gas. 

In consequence of leakage, the nitrogen-values may exceed those 
which blood should contain on the assumption that this gas is held by 
the plasma in simple physical solution. Nitrogen-values considerably 
in excess of 12 p.c. are frequently obtained. This high residual nitrogen 
is generally considered to be due either to gradual leakage at the taps 
and joints, or to the gradual liberation at a high vacuum, of air occluded 
in the mercury or between the mercury and glass of the joints, and the 
analyses are corrected on this basis—obviously an unsatisfactory 
proceeding. We have often obtained nitrogen-values as high as 
10 per cent., even though no leak could be.detected when the pump 
had been left for one to two hours after the experiment. 

In the case of all animals which have been aneesthetised by volatile 
anzesthetics, such as chloroform, ether, or A. C. E. mixture, any manipula- 
tion of the figures of the analysis, so as to give a nitrogen value of 1:2 is 
quite unjustifiable. In chloroform anesthesia, the total volume of gas 
obtained from the blood is increased, as we have already shown, by 
a certain amount of chloroform vapour, and there appears no reason to 
doubt but that the same would be true when ether is used. This chloro- 
form vapour in the blood would also be converted to a variable extent 
into sodium formate and carbon-monoxide by the reagents used in gas 
analysis. Any solution of the chloroform as such, or conversion into 
sodium formate would vitiate the figures for carbon-dioxide, and carbon- 
monoxide would appear in the residual gas and be reckoned as air- 
leakage. 

The amounts of residual nitrogen may also conceivably vary within 
small limits. 3 


1 Buckmaster and Gardner. Proc. Roy. Soc. B. 79, p. 414, 1909. 
® Buckmaster and Gardner. Proc. Roy. Soc. B. 81, p. 515, 1909. 
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We have, therefore, devised a pump which contains neither taps nor 
joints, so that in an extended serie« of observations values for the blood 
gases may with certainty be obtained which do not necessitate any 
adjustment of the figures of an analysis. For the introduction of blood 
into the receiver, some special methods have also been adopted. 


Description of the Pump. 


The apparatus employed is a modified Tospler pump; the general 
arrangement of the parts is shown in the figure which is drawn to scale 
one-tenth of the actual size. 

The pump P, together with the drying apparatus D, and condenser 
E is similar to that described by Barcroft, except that it possesses 
neither taps nor mercury nor rubber 
joints, the various parts being sealed 
together with a blow-pipe. The 
essentially new part of the pump 
consists in the arrangements for the 
introduction of blood into the froth 
chamber, which is made up of a 
cylindrical bulb C, and two double 
walled condenser bulbs A, the lower 
of which terminates in a barometer 
tube 85 cms. long dipping below 
mercury. This part of the apparatus 
is sealed on to the condenser at . 
The apparatus is evacuated in the 
usual way and the height of the 
mercury in the vessel B adjusted so 
that the barometric column just 
reaches the entrance of the lower 
froth-bulb A. 

In order to prevent the occlusion 
of air in the mercury or between 
the mercury and the glass after a ; 
high vacuum has been produced, the Being 
tube AB, and also P, is heated with 
a Bunsen burner almost to the Wig, 1. 
boiling point of mercury. The evacuation is then completed. It is 
now advisable to allow the pump to stand for a day or two, with 
occasional pumping before use. A very high vacuum can in this way 
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be obtained. The condenser must be large and as efficient as possible. 
The drying vessel filled with pure sulphuric acid is provided with a 


tube, the end of which can be easily broken, so that it is easy to refill 


with sulphuric acid. It is essential that very pure sulphuric acid 
(Kahlbaum's) should be used, as we have found that many samples of 
the so-called pure sulphuric acid of commerce contain considerable 
quantities of sulphur dioxide, the last traces of which come out very 
slowly in a vacuum. This impurity is contained more especially in the 
acids manufactured by the catalytic process. One sample of sulphuric 
acid which had been heated to get rid of the bulk of the gas, continued 
to yield small quantities of sulphur dioxide to the vacuum for nearly a 
fortnight. It is, therefore, evident that small quantities of this gas 
might seriously affect the accuracy of an analysis of blood-gases. 


D 


Fig. 2. 


After using the pump, air is introduced up the barometer tube AB, 
and the froth chambers cut from the condenser at X. The detached 
part can then be readily cleaned, sterilised and re-sealed on to the 
condenser. 

The advantages claimed for this pump are :— 

1. Absence of all taps and joints. 
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2. The figures obtained in analysis are absolute values, and require 
no adjustment for the possibility of a leak, which is impossible, if the 
precautions indicated are taken. 

3. Ease with which the apparatus can be cleaned, sterilised and 
put together again. 

4. The apparatus is cheap, involves the use of no expensive taps, 


and can be set up in the laboratory by anyone possessing elementary 
_ skill in glass-blowing. 


Methods for tha Introduction of Blood into the Apparatus. 


In obtaining blood for analysis, our experience has shown that it is 
essential: 

1. That the blood should be taken from the mii without coming 
into contact with the air. 

2. That it should be analysed immediately. 

3. That it should not be defibrinated by shaking with mercury. 
Coagulation may be prevented quite satisfactorily by either an injection 
of hirudin into the blood-steam, or, where this is not desirable, by 
smearing the surface of the collecting vessel with hirudin. 

The blood is introduced into the apparatus up the barometer tube 
BA, and one of two methods may be used. 

First Method. A cannula is connected with the artery of an animal 
in the usual way: the cannula is filled with blood, and a little allowed 
to waste, if desired. The animal is now rapidly and accurately weighed 
together with a capillary delivery tube, a rubber sleeve, and small 
beaker and a piece of cotton-wool to absorb any blood adhering to the 
outside of the delivery tube during wastage. This was done by 
suspending the animal and the board on which it was fixed, to the 
arm of a balance. After weighing, the delivery tube was fixed to the 
cannula and blood allowed to flow until it was full, the overflow being 
collected in the weighed beaker, and the delivery tube introduced under 
the barometer-tube AB, as shown in the figure. The blood was then 
allowed to flow upwards into the froth-chambers. When sufficient had 
been introduced, the artery was clipped and the animal re-weighed 
along with the delivery tube and the beaker containing the wasted 
blood. The balance used under the conditions of experiment was 
accurate to 05 of a gramme. We found that provided from 10— 50 ac. 
of blood was used, the weight-value was as accurate as could have been 
obtained by a volume measurement. 
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The Second Method, which we have found more generally useful for 

animals, and the ouly one applicable for obtaining human blood will be 
understood from the following figure. A sterilised steel needle A is 
introduced into a convenient vein and connected with the bulb-tube 
BC which has previously been completely filled with mercury, care 
being taken that the bore of the three-way tap B is also full. In order 
to displace air between A and B, blood is allowed to flow directly the 
needle is inserted from the tail of the tap at F. When the connecting 
tubes are full of blood, the tap is turned and blood allowed to 
displace the mercury in BO. In the case of blood from a vein, it is 
necessary to help this process by suction. For this purpose the end of 
capillary delivery tube C is connected by a rubber tube to a flask D 
from which the air is gently sucked out by the mouth. When the 
apparatus is completely full of blood, the tap is turned and it is dis- 
connected from the needle. The tube H is then connected by a rubber 
tube with a reservoir of mercury, and the delivery tube O is placed 
under the barometer tube of the pump and the blood swept out in the 
tube from H to E. The tap B is now turned and the blood displaced 
from the bulb by raising the reservoir of mercury. Before dispiacing 
the blood, particular care must be taken to see that no air bubbles 
are included in the liquid. The capacity of the apparatus must be 
previously ascertained and allowance made for the minute amount of 
blood which may be adherent to the sides of the vessel. The amount 
of this we always found less than I c.c. The interior of the apparatus 
is smeared with hirudin before filling with mercury to prevent any 
clotting. 
When the blood is in the froth chamber, the pump is worked, and 
a considerable proportion of the gases is evolved at the ordinary 
temperature of the room, the double-walled froth chambers are then 
at first gradually warmed, raised finally to about 40°C. and the gas 
pumped out. It is advisable to evacuate cautiously so as to avoid any 
aqueous vapour passing the drying tube. In all experiments we found 
that the whole of the blood passed cleanly up the barometer tube AB, 
only a very small trace remained wetting the surface of the glass, 
This was easily brought into the froth chamber at the end of the 
operation, along with any traces of gas which might be occluded 
between the mercury and the glass by pouring boiling water down 
the outside of the barometer-tube. Experience showed that this 
precaution was scarcely necessary as only a minute trace of gas was 
obtained by this procedure. | 
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THE DIASTOLIC FILLING OF THE MAMMALIAN 
HEART. By HERMANN STRAUB, Da. Mp, Stuttgart. 


(From the Institute of Physiology, University College, London.) 


EXPERIMENTS on the volume of the heart bave been carried out by. 
several investigators, e.g. Johanssan and Tigerstedt', Stefani’, and 
Franc ois-Franck*- In 1906 Henderson“ published a paper on the 
subject in which he gives a critical account of previous experiments as 
well as a description of his own investigations. His statements may be 
briefly summarised as follows. 


During the period of discharge the volume curve of the ventricles shows a sudden and 
steep descent, beginning with the moment of the opening of the semilunar valves and 
accounting for 90 per cent. of the total output from the ventricle, At the bottom the 
volume curve is rounded and comes to a blunt point, at the apex of which the semilunar 
valves close. For a brief period immediately following the completion of systole all the 
heart valves are probably closed. Yet during this period, according to Henderson, the 
volume curve rises sharply, a slight notch in the curve sometimes marking the end of this 
brief period. He attributes this initial increase in the bulk of the ventricles to the rush 
of blood from the aorta into the coronary vessels. During the period of filling of the 
ventricles the moment of opening of the auriculo-ventricular valves is marked by a rapid 
movement upwards of the volume curve. The line traced by the lever rises steeply and 
often nearly straight almost to its summit, then curves quickly and runs for some 
time parallel to the abscissa. Thus the filling of the ventricles ocoupies only the early 
part of diastole and is as rapid a process as the emptying in systole. According to this 
author, the volume curve during the latter part of diastole runs parallel to the abscissa, 
indicating that during this period no movement of blood occurs into the ventricles. 
Henderson suggests the name diastasis for this period, and states that differences in 
the rate of the heart beat depend almost entirely on lengthening or shortening of this 
period. In a very rapidly beating heart the period of diastasis entirely disappears, the 
volume curve becoming simply a series of sharp up and down strokes. He suggests that 
the contraction of the auricles increases the ventricular volume at the most to the extent 
of a few drops. 


Johansson and Tigerstedt. Skand. Arch. f. Physiol. 1. 1889, p. 881, u. 1891, p. 409. 
2 Stefani. Arch. Ital. de Biol. 18, 1893, p, 119. 


* Frangois-Franck. Arch, de Physiol. 1890, p. 395. 
* Yandell Henderson. Amer. Journ. of Physiol. 16, 1906, p. 325. 7 
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‘The correct registration of the heart volume or ventricular volume 
no doubt affords a difficult problem. The changes are rapid and exces- 
sive, The acceleration of the moving parts of any registering instrument 
is therefore considerable, and the demands on its mechanical perfection 
unusually large. Moreover, the circulation through the heart is very 
easily influenced by the recorder unless very special care be taken. 

It is therefore indispensable that the instrument used for registration 
of volume changes of the heart should be subjected to a rigorous | 
criticism. At Professor Starling’s suggestion I have undertaken this~ 
criticism, and have also made observations on the changes in the volume 
of the heart by a method which is, 
previously used. 


The degree of acowracy of previous methods. 


The theory of registering instruments has been treated so exhaustibly 
by Otto Frank! that there should be no difficulty in determining 
whether any given instrument is able to record correctly certain move- 
ments. Frank has shown that, for this purpose, it is necessary to 
determine three constants of the apparatus, namely, (1) a constant of 
mass (), (2) a constant of damping (K), (8) a constant of elasticity (L). 
Both mass and friction contribute to the deformation of the registered 
curve, but since the latter can always be kept within such limits that 
its influence may be neglected, the constant of mass must be regarded 
as the more important. The relation of the mass-constant to the 
elasticity-constant is determined by a process called by Frank “dynamic 
standardisation,” i.e., by registration of the oscillations of the registering 
system when it is set into movement apart from any movement at the 
point at which it is connected with the receiving apparatus. The time 
(7) of one oscillation of the system is given by the equation 


In order to get a true record T must be smaller than the time of any of 


the waves to be registered. The ratio - I is the number of 
oscillations per second. 
To test the reliability of previous methods I submitted them to the 
‘dynamic standardisation. I used a Marey tambour of the same 
1 O. Frank. Ztschr. J. T 1906, ibid. 50, p. 309, 1908, 
PH. XL. 25 
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diameter as Henderson's, 12 em. The ground plate of the stylus had a 
diameter of 95 om. The tambour was connected with a light lever of 
straw. For the air transmission I applied a piece of rubber tubing 
similar to that used by Henderson. For a rough determination of the 
oscillation s of this instrument it seemed to me to be sufficient to clamp 
the end of the rubber tubing and to cause the movements by sudden 
compression and relaxation of the tubing near its end. In this way 
I recorded the curve of Fig 1. 


Fig. 1. Fig. 2. 


The instrument has a very slow period, its V is 9 oscillations per 
second, No doubt slight improvements are possible, but this N is far 
from the minimum wanted for our purpose. It might at first appear 
that Henderson’s tambour had better qualities. He tested by means 
of a large syringe, and states that the stylus of the tambour followed 
without appreciable lag movements of the plunger of the syringe of 
considerably greater volume and rapidity than those occurring in the 


experiments. But every part of the registering system contributes to 
the oscillations according to its mass, more exactly 


T=VT? + +... T. 


By far the greatest mass of the whole system is represented by the 1 
as Frank demonstrates. So a test of the instrument without the lever 
is of no use, As a matter of fact the mass of Henderson’s apparatus is 
too great for his purposes. 

Still the deformation due to instrumental inertia can be diminished 
or abolished by increasing the damping. Many details of Henderson’s 
curves lead to the conjecture that he used such a method. But this 
affords a deformation of the curve as well as increasing the mass. The 
damping must be the smaller the weaker the moving forces are. For 
the * case this condition allows only a very slight — To 
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make the instrument aperiodic, even with a slight damping, there is 
only one way, that is to diminish the mass. 

In the case of instruments for the registration of changes in volume 
the elasticity coefficient is of considerable importance. This coefficient 
determines the relation between the changes of pressure and the 


corresponding changes of volume: Z * For pressure recording 


instruments it is necessary to make this value great; ſor volume 
registering instruments it must as nearly as possible equal 0, Le., the 
instrument must follow the volume without any change in pressure, so 
that it works so far as possible isotonically. The resistance to movement 
of an instrument for the registration of volume must be inconsiderable 
as compared with the forces acting at the connecting part of the system. 
In the case of the heart, for instance, this viscus must be able to expand 
with diastole and cause a corresponding movement of the recording 
instrument without the exertion of any pressure on the latter. If a 
rubber membrane be employed for recording the changes in volume this 
will be more stretched at the end of diastole, when the volume of the 
heart is at its maximum. At this moment, however, the pressure 
differences which cause the inflow of blood into the ventricle are very 
small, so that the amount of inflow is likely to be influenced by the 
slightest compression in consequence of the tension of the rubber 
membrane, It is true that by starting with a negative pressure inside 
the tambour one might avoid this disadvantage, but in this case the 
negative pressure would cause a suction action at some other point of 
the curve which would in itself modify the process of filling. 
Henderson pays some attention to this point and states that his tam- 
bour showed no rise of pressure for the volume changes in question. 
Yet to fulfil this condition strictly an extremely thin rubber membrane 
would be necessary, and such a membrane it would be hardly safe to 
use against the heavy weight of a lever plus the friction of the point 
against the blackened surface. On the other hand, a sufficiently elastic 
membrane presents the danger already discussed of an actual resistance 
by back pressure to the diastolic filling of the heart. 

These considerations raise some doubt as to whether the method 
employed by Henderson is really adequate to give a true record of the 
changes in the heart volume. We have good reason to believe that the 
mass of the Marey’s tambour used by him was too great and that there- 
fore too much damping was required to make it aperiodic. Moreover, 
the elasticity of the rubber membrane must have altered to a certain 
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extent, at any rate, the mechanical conditions of the ventricular expansion, 
and tended to have hindered the inflow of blood towards the end of 
diastole. In addition to these possible errors it must be recalled that in 
Henderson’s experiments the intracardiac pressure was recorded at the 
same time as the heart volume by means of a tube introduced into the 
left ventricle from the carotid artery. There was thus insufficiency of 
the aortic valves which in itself would represent an abnormal condition. 


Observations. 
An improvement of the method could only be made by diminishing 


the mass moved, which is almost entirely due to the mass of the lever. 
This can be easily effected by dispensing altogether with a lever and 


using the method of photographic registration. As will be shown later, 


the period of oscillation of the instrument can be diminished to such an 
extent that we may dispense with any other improvement such, e. g. as 
shortening the length of the tubing used for air transmission and 
increasing its diameter. By such methods one might get a Marey 
tambour sufficient for most problems of volume registration, but for the 
reasons mentioned above, I was anxious to diminish the elasticity of 
the membrane more than it is advisable to do with a rubber sheet, 


(Elasticity always equals 22.) A membrane which will keep its form 


in spite of its comparatively weak elastic force is afforded by the 
excessively thin wall of a soap bubble, The pressure inside the bubble 
will be extremely small and will not be appreciably altered by an 
increase in its volume. The internal pressure of a soap bubble is 
proportional to the surface tension and is inversely proportional to the 
radius, so that with a large radius it will be almost nothing and will not 
be practically altered for small changes of the radius caused by volume 
changes, A soap bubble has already been used by several previous 
investigators’ for volume registration, 

For the dynamic standardisation of the soap bubble I used the 
method described above for the Marey tambour. In recording the 
highest point of the soap bubble was photographed in the same way as 
later on for the experiments. A curve obtained is given in Fig. 2. The 
dotted tangent shows that the speed of the volume change is about the 
same as the greatest found later on during the experiments. The 
acceleration is even greater than any during the experiments, Though 


W. Straub. Ztschr. f. exp, Pathol. u. Ther. 1. p. 1. 
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there is damping only by the friction of the air transmission, which of 
course is very small, if is nevertheless sufficient to make the instrument 
just aperiodic for the acceleration required. By using a still greater 
acceleration I found a frequency of oscillation V= 56. This instrument 
seemed to me not to want further improvement. 

The practical arrangement of the experiments was as follows. The 
experiments were performed on cats, anesthetised with A. C. E. and kept 
under artificial respiration. The sternum was divided in the middle 
line and the mammary artery tied. The pericardium was opened near 
the apex of the heart and three cuts were made in it down to its attach- 
ment to the vessels. The cardiometer used was in principle the same 
as Henderson’s, only the bulb was made of glass. A set of cardiometers 
of different sizes was at my disposal, so that a convenient shape could 
always be used. The window of the cardiometer was closed by a thin 
rubber membrane with a hole. The size of the hole is of the greatest 
importance to avoid leaking of the instrument as well as a compression 
of the atrio-ventricular groove, which would cause serious alteration of 
the blood-flow. By a rubber tube the cardiometer was connected with 
a glass funnel. I used a set of funnels of different sizes according to the 
volume changes of the heart. For the cat I generally used one or other 
of two funnels with 27 cm. and 4 cm. diameter respectively. The 
opening of the funnel was directed upwards and was covered with a layer 
of soap solution only very slightly curved. The soap bubble was blown 
by help of a T- piece inserted in the rubber tube and closed by a clamp. 
The blood pressure was recorded from one carotid by means of an elastic 
rubber manometer. In some experiments I recorded also the auricular 
contraction of the right auricle by the suspension method. The funnel 
and the points of the recording levers were placed in front of a lantern 
and the image of the levers and the upper surface of the soap bubble 
projected with a photographic lens on a slit behind which, in a dark 
room, an ordinary kymograph with photographic paper was running 
at a speed of about 3°5 cm. per second. The time was marked by the 
stylus of a metronome beating before the slit and thus interrupting the 
light every half second. The records obtained in this way show an 
abscissa, the changes of the soap bubble and the curves traced by the 
points of the levers. Every half second a vertical line of the time 
marker connects corresponding points of the curves, | 

After the experiment the volume changes indicated by the soap 
bubble were gauged by means of a syringe. The gauges are given on 
the margin of the curves. As long as the curvature of the soap film 
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is small the volume differences are nearly in linear proportion to 
the height of the apex of the bubble. With increasing height (h) 
the volume changes are more and more proportional to the cube of 
the height, as follows from the formula of the volume of a segment of a 


sphere. V=mh( +). pis the radius of the funnel 


From the normal heart beating at the rate of 120 per minute the 
tracings recorded were as in Fig. 3. During the systolic discharge, 
marked by a downstroke of 
the soap bubble, the volume 
curve shows the shape de- 
scribed by Henderson. 
Then the volume rises again 
rapidly and for a long time 
with about the same speed 
as during the downstroke 
caused by the systolic dis- 
charge. The end of this 
period is marked by a notch, 
which is more distinct the 
slower the heart's rate is, * 
and disappears completely Fig. . 
in a quickly beating heart. 

After the notch the volume resumes its upward movement with 
diminished speed and reaches a more or less prominent point near the 
top of the curve. The following part is not quite regular in different 
tracings even. when obtained from the same heart. The conditions 
influencing this part will be discussed later. Generally one sees a slight 
notch and a second tip. Then at once the next discharge follows. 

For identification of the points of the volume curve corresponding 
points of the pressure curve were used. It was first necessary to deter- 
mine the loss of time between the opening of the aortic valves and the 
upstroke of the lever. For this purpose, immediately after death, the 
heart in connection with the vessels and the transmission used duri 
the experiment was brought in front of the lantern and filled with liquid 
under a pressure corresponding to the blood pressure. Then the heart 
was suddenly compressed, and the compression photographed together 
with the following upstroke of the lever. From the tracing obtained in 
this way the loss of time between the compression and the resulting 
movement of the lever was calculated and found to be 1/12 of a second.’ 
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Then in the eurves previously recorded this time interval was traced 
back from the point, where the pressure pulse rises, and so the point of 
opening of the aortic valves determined. This point I connected by a 
dotted line with the corresponding point of the soap bubble curve. It 


‘ 


Fig. 4. 


was always found, as theoretically would be expected, coincident with 
the beginning of the downstroke of the volume curve. This shows that 
the volume begins to diminish at the moment of the opening of the 
aortic valves and that during the 
“ Anspanoungszeit” no diminution — 
in volume takes place. 

Another point of the heart's 
cycle was marked in some curves by 
recording the auricular contraction 
by means of the suspension method. 
Figs. 4 and 5 were obtained in this 
way. The maximum of auricular 
contraction is connected by another 
dotted line with the soap bubble 
curve and there it meets the tip 
mentioned above as occurring near 
the top of the curve. This tip there- 
fore is due to the increased inflow 
of blood caused by the auricular 
contraction. In Fig. 5 a weak stimu- E 2 
lation of the vagus was used, and in 5 Fig. 8. 
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this way a relaxation of the auricle was caused. Under this condition 
the auricular contraction must move a greater volume of blood con- 
tained in the distended auricle, and the volume curve of the ventricle 
indeed shows the increased inflow. 

The time interval between the auricular contraction and the opening 
of the semilunar valves is occupied by the closure of the auriculo- 
ventricular valves and by the Anspannungszeit.” To the mechanical 
disturbances produced by these events is due probably the somewhat 
irregular part of the curve at this point, The intraventricular pressure 
may vault the valves a little against the auricles and thus cause an 
apparent diminution in volume of the ventricles, as in Fig. 5. The action 
of the papillary muscle, contracting before the fibres of the heart's wall, 
as we know, may pull the valves against the ventricle and thus cause an 
apparent tnorease in volume as in Fig. 4. Or both mechanisms may be 
balanced, and this perhaps is the regular mechanism, as in Fig. 3. 

For the notch during the upstroke of the volume curve the other 
curves give no explanation. This notch may be found in the curves of 
several previous investigators, such as Stefani, though much deformed 
by the inertia of the instruments used. In the rapidly beating heart it 
entirely disappears. The course of the curve seems to me to suggest the 
following explanation. After the contraction the heart by its own 
elasticity, like a compressed rubber ball, springs back to a certain volume 
with about the same speed as it diminished in volume during the con- 
traction. This period of “ elastic diastole” is ended by the notch of the 
curve, The rest of the curve indicates a “ passive diastole,” when the 
heart is filled from the veins as a result simply of pressure differences. 
The notch itself at first looks like an oscillation of the recording 
instruments. The dynamic standardisation demonstrates that this 
explanation does not apply. The notch is not due to the recording 
instruments, but signifies an oscillation of the heart muscle itself near 
the point of equilibrium of its elasticity and an oscillation of the blood 
following the movement of the heart wall with a certain inertia. 

Fig. 6 demonstrates a somewhat stronger stimulation of the vagus. 
With the slowing of the heart rate the notch becomes more and more 
distinct. The total volume of the heart is increased, but though the 
output is augmented the systole is less complete. . At the end of the 
curve the heart dilates so much that the soap bubble touches the lever 
of the falling pressure record and bursts. 

In Fig. 7 the heart beat is completely stopped by strong vagus 
stimulation. Two auricular contractions cause a remarkable inflow of 
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blood into the fully relaxed ventricle. The waves following the auricular 
contractions are not oscillations of the recording instrument, whose 
period is incomparably quicker, but are the expression of waves of the 
blood in the relaxed ventricle. Henderson’s somewhat similar curve 


on page 349 of his paper shows the great deformation due to increased 
damping. 
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It is remarkable that none of my curves shows any portion parallel to 
the abscissa. Even during the long diastole due to the vagus stimula- 
tion of Fig. 7 the volume is still slowly but distinctly increasing. The 
different conclusion of Henderson must be attributed to his apparatus. 
It may be that the increased pressure caused by stretching the rubber 
membrane at the end of diastole has exercised such a resistance to 
distension as to prevent the ordinary inflow of blood into the ventricle. 
It may also be that the curve is deformed by an oscillation of the 
apparatus. The rapid movement of the systole or of the first part of 
diastole may cause the tambour to oscillate, and such an oscillation may 
hide the true upward movement of the curve. The rubber curtain of 
the cardiometer, if the hole in it be too small, may compress the atrio- 
ventricular groove and thus hinder the inflow of blood into the ventricles. 
In any case my curves demonstrate that there is no period of “ diastasis.” 


SUMMARY. 


For a true registration of the heart’s volume an instrument is 
wanted with very small mass, damping and elasticity. 

With the opening of the aortic valves the volume curve shows an 
instantaneous and steep descent. Near the bottom it rounds away to 
a blunt point. 

After completion of the systole the volume curve assumes at once 
the upward movement and completes most of the diastole with a speed 
about equal to the corresponding reverse movement during the systole. 
This period ends by a notch due to the oscillations of the heart muscle 
and of the blood rushing into the ventricles. This part of diastole seems 
to be due to the elastic reaction of the ventricles: “ elastic diastole.” 

The notch at the end of this period is more distinct the slower the 
heart rate. 

After the notch the ventricles dilate with diminished speed being 
filled from the veins simply by the pressure difference: “ passive 
diastole.” 

The auricular contraction causes a distinct increase in the volume of 
the ventricles. 

The mechanism of the closure of the atrio-ventricular valves causes 
the last part of the curve to assume different shapes according to the 
prevalence of the outward push of the pressure or the inward pull of the 
papillary muscles on the valves. 

There is no period of “ diastasis in the relaxing ventricle. 
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THE HEAT PRODUCED IN CONTRACTURE AND 
MUSCULAR TONE. Br A. v. HILL, BA, Trinity College, 


Cambridge; George Henry Lewes Student. 
(From the Physiological Laboratory, 


In some experiments on the efficiency of a muscle as a machine it was 
noticed that the heat set free by a stimulus was not always produced 
at one moment but might be evolved continuously during a considerable 
period. Apparently under some conditions a stimulus does not cause 
only an explosive discharge of energy into heat, but also a continuous 
breakdown for some seconds following. It was found in alk the cases 
where this occurred that the muscle showed, after stimulation, that 
particular form of tone named “ contracture”: in other words it did not 
reach its original length for some considerable time after the primary 
twitch. It might perhaps have been expected that this was due simply 
to the viscosity of the muscle, which prevented it from relaxing at once 
after contraction. That this contracture is always accompanied by a 
continuous heat production makes it probable however that it is very 
closely allied to the normal state of contraction. The objects of this 
paper are, (i) to show that contracture is accompanied by a steady heat 
production, and to investigate the relations between the two as far as 
possible, and (ii) to consider the amount of heat production during 
muscular.tone, especially in muscles during incomplete tetanus and in 
the heart. 

Method. Blix’ has described an apparatus designed by himself for 
estimating the heat production of working muscles. Prof. Langley 
some years ago obtained from him one of these instruments, with which 
the present investigation has been carried out. Various modifications 
have been applied to it, and it has been made much more sensitive and 
less easily disturbed than in its original form. Some idea of its 
nn may be obtained from the statement that it is easily ar 


1 Blix. Scand. Arch. J. Physiol. x11. p. 52. 1902. 
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to read the rise of temperature after a single twitch to within 0°5*/,, Le. 
to within (say) 1/20,000 ofa °C. In any experiment when the muscle 
is in a steady state successive stimulations by equal induction shocks 
show equal heat productions to within 1 or 2%. The instrument 
registers by means of the movements of a spot of light on a scale. The 
movement of this spot caused by two shocks about 8 to 1 sec. apart 
is exactly the sum of the movements caused by the two separately. 
This shows that the instrument is registering “additively,” in other 
words that the heat produced is simply proportional to the displacements 
read off from the scale, As I hope later to publish various other 
experiments carried ont with this instrument it will be as well to 
describe it here in full, in its latest form. 

In Fig. 1 the magnet and mirror chamber is entirely separated off 


from the rest of the instrument by the walls of the tube containing 


the magnet. The grooves are usually filled with plasticine, and into 
them fit the edges of an outer case of brass constituting the walls of the 
muscle chamber. The inside of this case is lined with wet blotting 
paper. The copper coil consists of many more turns than are shown in 
the figure: its ends AA and BB are separated by the celluloid plate, 
and are connected by the constantan plug; the points where the copper 
meets the constantan constitute the thermo-electric junctions. The 
tube containing the magnet hangs down through holes bored in the 
broad copper coil. The muscles (Blix used the two adductors, I have 
found the two semi-membranosus muscles better) ride astride of the 
celluloid plate, one in contact with each end of the constantan plug. 
The small piece of bone at their upper ends which has been left con- 
necting the two muscles is placed exactly on the top of the celluloid 


plate at X and held in position by a clamp (not shown in the figure). 


The copper terminals of the coil are coated with celluloid varnish to 
prevent short-cireuiting of the thermo-electric currents, and to prevent 
poisoning of the muscles. Each muscle is in contact with a pair of 
electrodes, made of fine platinum wire; the muscle lies over the upper 
and beneath the lower of these electrodes, as shown in the figure. The 
tendons at the lower ends of the muscles are tied to silk threads which 
pass through holes in the base of the instrument. These are then 
attached to recording levers, which write on a drum beneath the table 
or record in some other fashion. At first it was found impossible to 
keep the magnet steady. All sorts of external disturbances would act 
upon it, and make it move quite irregularly about the scale. Blix 
records that he had the same trouble. I therefore had made three 
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heavy soft-iron cylinders which are, when all is ready, placed over the 
instrument: the latter is screwed to a wooden block which is fixed to 
a thick iron plate attached to the table. In the cylinders holes are bored 
to admit and let out after reflexion the light from a Nernst lamp. The 
lamp, which is about three metres away, shines upon the mirror, and a 


9 Merror Chamber. gue 


* STAND . 


Fig. 1. The Instrument. 


line in it is, after reflexion, focussed on to the screen which is also three 
metres away. The line is brought on to the scale by the small field 
exerted by a control magnet placed outside the cylinders at a suitable 
position on the table: its position may be read easily to half a millimetre, 
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and the movement due to a twitch is usually of the order of 80 mm. 
These soft-iron cylinders cut off entirely all external: magnetism 
sufficient to cause harmful disturbances during an experiment. They 
lower very largely the strength of the constant external field in which 
the magnet lies, and leave it chiefly supported in any: position by the 
quartz fibre. Thus all the movements set up in the magnet by the 


thermo-electric currents are working against little more than the torsion — 


of a quartz fibre only 6 thick. This explains the extraordinary 
sensitivity of the instrument. The cover of the muscle chamber has 
two holes, (1) to admit damp oxygen, (2) to pour salt solution over the 
muscle when necessary. Oxygen is ed because it keeps the sur- 
viving” muscles more in their normal state: while, being saturated with 
moisture, it prevents evaporation and consequent changes of temperature 
on the surface of the muscle, The stimulating electrodes are connected 
to wires which can be dragged out through the top of the cylinders and 
attached to an induction coil. This is situated about four metres away, 
behind the scale, so that the current in the primary circuit is too distant 
to disturb the magnet. The magnet is provided with an air-damping 
arrangement, not shown in the figure, to prevent excessive vibrations. 


Part I. Heat production during contracture. 


After a twitch the line on the scale registering the rise of tempera- 
ture moves rapidly towards its maximum displacement and then returns 
more slowly to its initial position. Curves relating the displacement of 
this line with the time after stimulation are given in Fig. 2. A and B 
are for fresh unfatigued muscles, C and D are for muscles which have 
been fatigued, or treated with NaCl 65%, veratrin, or other drugs, or 
for muscles which are stimulated with an excessive shock. In curve A 
the double maximum is due to the rapid return and the momentum of the 
magnet, which carries it initially beyond its proper position. This is not 
noticeable when the rate of return is less, as in B. The first observation 
of importance is that the curves in fresh muscle always present certain 
points in common whatever their size: these are (1) that the line reaches 
its maximum displacement in a constant time, between 72 and 8 secs. 
and (2) that the line returns to any given fraction, usually taken to be 
t. of its maximum displacement in a constant time for that fraction: in 


the case of } of its maximum eo the time for the instrument 
is about 28 secs, | ed : 
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The times were taken on a stop watch by an observer behind the 
scale, In the table below are given a few observations, out of many, on 
fresh muscles, 


TABLE I. 
Maximum displacementinmm. 52 4 68 72 82 48 500 260 
Time to max. displacement — — — — 
Time to return to } of max. 805 80 28 25 27 80 - 
Maximum displacementinmm. 155 250 % 46 692 70 64 19 
Time to max. displacement... — — — — 72 #82 78 £T6 
Timetoretumtojofmax. .. 27 27 30 26 — — — — 


This is at first sight an „ phenomenon, that whether the 
heat production be 500 or 25 the line returns to } of its maximum 
displacement in the same time, about 30 secs. With one assumption 
however this can be deduced from our knowledge of the laws governing 
the loss of heat from a body. This assumption is of importance, and all 
the evidence I have observed points in its favour. 

Let us assume that the heat given out in a single muscle twitch is 
given out almost instantaneously: i.e. in a time which is short compared 
with the periods involved with this instrument. That is to say, the 
temperature of the muscle stimulated is raised almost instantaneously 
a C. above that of the other. If a be the difference of temperature 
between the two at time ¢ after the stimulus we shall have, for the rate 
of loss of heat by conduction away, 


— N say. 
This equation has the integral 
The time for æ to reach the value a,/4 is therefore given is 
This is an equation which does not involve , and hence the line should 
return to 4 of its maximum displacement in a constant time, ener 
that maximum displacement. 

When the displacement has reached its maximum its value is exactly 
proportional to the thermo-electric current, and therefore to the difference 
of temperature, existing at that moment. Since this maximum occurs 
at a definite moment after excitation it may be shown mathematically 


that we are justified in taking the maximum displacement as propor- 
tional (in fresh muscles) to the rise of temperature existing very shortly 
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after the stimulus, These facts show us therefore two conclusions: 
(1) is that the instrument as used gives valid results, the maximum 
displacement being proportional to the rise of temperature: (2) is that in 
fresh active muscles the rate of heat production is very rapid at first and 
falls to zero almost at once after excitation. This conclusion (2) is of 
importance, for it shows that the heat production is intimately con- 
nected with the energy changes which set up the sudden increase of 
tension during activity: and that it is not connected to any great 
degree with the “recovery” of a muscle from activity, as might be the 
case if contraction involved a liberation of energy directly into work, 
which energy was slowly built up by the muscle with an evolution 
of heat. 

In other cases it was noticeable that these simple relations no longer 
held. In the table below are given examples. Typical curves for the 
displacement of the line on the scale are given in O and D, Fig. 2. 


OF UA Ow SALE, 


/0 see. 202. 30e gor Gone 


TIME — 


Fig. 2. Curves relating displacement of galvanometer line and time after stimulation. 
4 and B represent normal muscles, fresh or after Ringer's solution. The double 
maximum in 4 is due to the momentum of the magnet swinging back rapidly. 
C and D represent muscles which have been treated with NaCl or veratrin, or 
stimulated with an excessive induction shock. The arrows in 4, B, and C show 

. the times to } of the max. displacement. — 
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TABLE II. 


1. Muscle left all night in the instrument in 0,. Time to max. displacement 10 secs. 
Time to } of max. displacement 70 secs. 

2. Muscle left all night in O.. Steady position of line before stimulation, at 66 mm.: 
steady position of line after stimulation, at 84mm. Apparently in this fatigued and 
dying muscle a stimulus set up a constant heat production, causing a permanent 
displacement of the line. This I have noticed in very many cases, and it is well 
established. 

3. The muscle in No. 2 was stimulated successively with shocks about 3 minutes apart. 
In successive cases the line returned to 4 of its original displacement in 92 secs., 
78 secs., 50 secs., 87 secs., 34 Sees., 82°5 secs., 82 secs. 

4. Fresh musele, 4-5 volts in the primary circuit. When the shock was below a certain 
limit the muscle responded quite normally. 


Coil at Heat, in ram. of scale Time to } displacement 
15 om. 45 28 secs. 
10 47 28 
5 84 180 
11 41 29 
2 204 120 
15 15 30 
Another muscle: 
Coll at Heat Time to max. Time to 4 
16 om. (about) 27 — 24 secs. 
90 35 secs. 160 
5 147 188 
0 500 — 75 


This experiment was done many times and may be repeated as often as desired. 
It is instructive to compare it with the next experiment. 

5. Fresh muscle (a) tetanised for 0°5 sec, 500 mm. heat movement: returned to } of 
max. in 80 secs. (ö) tetanised for 0°3 sec., 260 mm. heat: returned to } in 27 secs. 
(c) tetanised 0-2 sec., 155 mm. heat: returned to } in 27 secs. (d) 0°83 sec., 250 mm. heat, 
returned to } in 27 secs. | 

6. Fresh muscle soaked in -65°/, NaCl for an hour, 1 volt in primary circuit. 


Time to } of 
Coil at Heat max. displacement 
(a) 15 om. 21 28 secs. 
10 41 28 
0 139 40 
0 94 35 
0 88 33 
(bd) 0 209 95 secs. (13 secs. to max.) 
0 100 105 secs. 
0 61 105 
0 55 105 


This muscle was then given 25 twitches in a few seconds: three minutes later the 
experiment was continued, stimulation being applied about every three minutes. 


0 84 34 secs. 
0 82 41 
0 81 40 
0 31 50 
0 28 58 


PH. XL. 26 


+! * 
‘ 
; 
1 
a 
j 
£ 
* 
1 


396 A. V. HILL. 


7. Large frog, brain destroyed, injected at 12.30 p.m. with 8 drops of 1°/, veratrin. At 
2°80 p.m. the muscles were placed in the instrument, and stimulated. The normal 
heat production of a single maximal twitch is about 80 mm. The stimulation in this 
case was nothing near what is usually maximal. The heat production (maximum 
displacement) in successive stimulations 2 mins. apart was 


640, 410, 874, 885, 260, 260, 185, 195, 188, 164, 118, 177. 


The heat production was exceedingly prolonged, and its value is much higher than 
registered, because the maximum was reached so slowly that much must have been 
lost before then. 

The same effect has been produced with 1 drop of veratrin, and 2 simultaneous 
veratrin 


It is seen from these experiments, which are typical, and not mere 
isolated examples, that in many cases the time the line takes to reach 
its maximum displacement and the time it takes to return to } of its 
maximum displacement may be very much larger than those constant 
values which we may consider as normal if the heat is evolved 
instantaneously. The conclusion that is inevitably reached (for no other 
factor could have the same effect) is that in these cases heat is being 
produced for very long periods after the primary response. The line is 
thus kept out in its displaced position, Exp. 2 shows that in a fatigued, 
-or rather slowly dying muscle, a stimulus sets up permanently (or at 
any rate for more than ten minutes) a steady evolution of heat in 
addition to the preliminary twitch. 

This fact may have its cause in the pathological condition of the 
tissue, but it seems to be far more likely that it is due to something 
fundamental in the nature of a muscle. The muscle in these cases had 
been left for a very long time unstimulated: the contracture and steady 
heat production usually set up by even a small stimulus was therefore 
absent, and thus was brought about by the stimulus. When the muscle 
is fresh this steady tone and heat production is existent and is not there- 
fore set up afresh by a stimulus. Exp. 3 shows that successive stimuli 
to the stale muscle did not each cause an extra constant heat production, 
but that this was done only by the first of all. I shall show below that 
any condition causing a prolonged heat production causes also contracture 
or tone in the muscle. It seems probable that tone and a constant heat 
production are set up normally by ordinary stimuli arriving at compara- 
tively great intervals. If a muscle is left several hours the effect of 
the last stimulus has passed off completely and a new stimulus sets up 
again this tone and eonétafit heat production, which the next stimulus 
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When a muscle has relaxed completely for some hours the first 
stimulus causes a large amount of constant heat production, the second 
very much less additional to the first, the next still less, till finally the 
twitches give heat productions which become quite normal in character. 

Exp. 4 shows that a very strong stimulus causes a very prolonged 
heat production in the muscle. The heat produced during all this 
period, if worked out, proves to be relatively enormous. For example it 
may be shown that in the experiment marked (*) in No. 4 the heat pro- 
duction was in fact at least 480 in the units expressed by mm. of scale. 
But this evolution was spread over a very considerable time, and the 
contraction was not quite so great as that usually accompanying a heat 
production of 84. It might be supposed that the intense shock acted by 
tetanising the muscle for a short period. That this is not the case is 
shown by Exp. 5 where the heat production due to a short tetanus is 
seen to pass off very rapidly, in fact as fast as that due to a single 
twitch. 

In Exp. 6 it is shown that in a muscle soaked in NaCl weak stimuli 
cause normal heat production while stronger ones cause a prolonged 
production. But the least stimulus that causes a prolonged production 
of heat is, in a NaCl-muscle, only 1/45 times as strong as in, a normal 
muscle, The prolonged production of heat in a stimulated NaCl-muscle, 
though set up with a much less stimulus, is probably of exactly the 
same nature as the prolonged production set up in a normal muscle by 
an excessive stimulus. Further both types pass off and the heat pro- 
duction becomes normal in its time relations if the stimuli are repeated 
at sufficiently short intervals. 

Exp. 7 shows that sub-maximal stimuli applied to a muscle soaked 
in veratrin cause great and prolonged heat production, The heat is 
evolved very rapidly for a considerable time after stimulation. 

Thus a prolonged, non-instantaneous production of heat is observed 
in the following cases: 

(1) Ina muscle left unstimulated for a long time, or fatigued, 

(2) In a muscle stimulated by a very strong induction shock, 

(3) In a muscle soaked in NaCl, and stimulated by an ordinary 

shock, 

(4) In a veratrinised muscle, stimulated weakly. 

Now in all these cases it is well known that the phenomenon of con- 
tracture is seen: in other words a prolonged contraction is observed 
whenever there is a prolonged heat production. This I have tested on 
the semi-membranosus muscle, but it is only necessary here to give 
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references to earlier records’. We are thus forced to the conclusion that 


contractare is always accompanied by a prolonged heat production, and 
it seems possible that this condition is analogous to ordinary muscular 
tone. 

The next part of this paper deals with the quantitative aspects of 
this heat production, by a comparison between its magnitude during the 
tone of incomplete tetanus, and during contraction of the same height. 


Part IL Heat production during the tone of incomplete tetanus. 


Barcroft and Dixon“ found, in one experiment, that the tonic 
condition of the heart set up by an injection of BaCl, involved an 
increase in the oxygen used per minute, and that the relaxed condition 
in diastole set by injection of KCl involved a decrease. Barium, it is 
known, acts as a poison on living tissues, so that it is possible that the 
increased oxygen use may be due, not to the increased “a but to the 
pathological condition set up by the barium. 

Vernon’, investigating the production of CO, by the heart, 
succeeded once in getting a heart to go into tone of its own accord. 
He found the CO, production was, in this case, less than in hearts 
which were not in tone. These observations by Barcroft and Dixon 
and by Vernon, are contradictory in nature, though Barcroft on many 
occasions has found that the O, used and the CO, produced do not 
always run parallel. The experiments suggest that there is a relation 
between the gaseous exchange in the heart, and the tonic condition: 
but I do not feel that any safe generalisations can be made from them. 
It would obviously require a considerable number of experiments to 
decide whether increased O, absorption and decreased CO, production 
is, or is not, a constant accompaniment of increased tone: these might 
be caused in individual cases by special conditions, 

Mr Barcroft suggested to me that the experiments shown in the first 
part of this paper, on the heat production during contracture (or tone), 
might have some bearing on the subject. The total heat production 
is a more important physiological factor than either the O, used, or the 
CO, produced. It is a direct measure of the metabolic energy changes 


‘ (2) Biedermann. Electro-physiology, p. 94. 1896. Trausl. by F. A. Welby. 
(2) Ot. Langley. This Journal, XXVII. p. 169. 1908. 
(8) Mines. This Journal, XXxVII. p. 486. 1908. 
(4) Biedermann. Electro-physiology, p. 108. 1896. 

* This Journal, XXXV. p. 182 eto. 1907. * Ibid. xu. p. 801. 1910, 
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of a tissue. It is impossible to use a heart muscle in my instrument, so 
the experiment was carried out with a semi-membranosus muscle stimu- 
lated with uniform shocks at a uniforrs rate. Recent work by Keith 
Lucas’ on the heart, in conjunction with developments of the physical 
theory of excitation by Keith Lucas“ and Hill’, makes it probable that 
an automatic tissue like the heart had its automaticity connected with 
the excitatory stages, and not with the final stages of contraction. In 
other words the heart receives excitatory disturbances rhythmically and 

ds to them just as an ordinary muscle responds to ordinary 
rhythmic stimulation. These excitatory. disturbances start probably 
somewhere in the physical mechanism, which is the first stage of the 
processes involved in an effective excitation. All recent work on 
excitation tends towards such a view, in contradiction to the older theory 
that in the heart a continuous building up of some contractile substance 
occurs, which breaks down as soon as it has reached a certain value. 
Assuming the later view, an experiment carried out with a rhythmically 
excited skeletal muscle exactly represents the conditions in a beating 
heart. The semi-membranosus muscles of an active frog were suspended 
in the instrument, and stimulated rhythmically 2 or 3 times per second by 
induced break-shocks. The primary circuit contained a piece of steel, 
with a needle attached: the steel vibrated and drew the needle in and 
out of a vessel containing mercury, thereby making and breaking the 
primary current. The make-shocks were ineffective‘. During the 
stimulation a certain amount of tone is observed in the muscles, but the 
beats are usually very much larger than the tone. (Cf. Fig. 3.) The rate 
of heat production is estimated towards the end of the stimulation, when 
the muscle is behaving regularly: the method of estimation is given 
below. A tracing of the muscle contraction is taken during the estima- 
tion of the heat“. The first part of the experiment is then complete. 
Now NaCl 0°65°/, is poured, by means of a rubber tube and fine glass 
nozzle suitably fixed in the instrument, over both of the muscles for a 
period of 10 minutes or more. The action of the NaCl is to prolong the 
response to a stimulus‘, with the result that the rhythmic shocks now 


1 Keith Lucas. This Journal, XXXII. p. 471. 1910. 

® Keith Lucas. Ibid. xu. p. 244 etc. 1910. 

* Hill. Ibid, xu. p. 190 ete. 1910. 

* Except in Exp. 2. 

® My thanks are due to Mr H. 8. Evans of Trinity College, who kindly helped me in 
several experiments, by managing the recording apparatus while I managed the heat 
estimation 


Mines. This Journal, xxxvu. p. 436. 1908. 
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give very much more tone, and very much less contraction on top of the 
tone, than they did before. (Cf. Fig. 4) The heat production is 
estimated again during the stimulation of the NaCl-treated muscle. 
Usually about 60 shocks are given in 20 or 30 seconds. The rate of heat 
production is determined as follows. It is, firstly, necessary to make the 
instrument far less sensitive than for the experiments in the first part 


Fig. 8. Rhythmic contractions of semi-membranosus muscle stimulated between 2 and g 
times per second: heat productions to be compared with Fig. 4. H.P.=heat pro- 
duction. 


of this paper. Even 10 contractions will give heat production sufficient 
to send the spot of light off the scale. The instrument is made less 
sensitive by resting a powerful control magnet immediately above it, on 
the top of the iron cylinders. With this, the magnet-system is moving 
in a fairly strong magnetic field, and is only about +; as sensitive to the 
temperature changes, After about 40 stimuli the position of the line 
becomes constant on the scale. Now heat is being lost by conduction 
away as fast as it is being gained by the rhythmic twitches. But the 
laws governing the loss of heat tell us that the rate at which heat is 
being lost at any moment is proportional to the temperature of the 
muscle above its surroundings, which is proportional to the displacement 
of the line on the scale. Hence the rate of heat production by the 
twitches is, when the line has reached a new steady position for the time 
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being, equal to the rate of loss by conduction, and is therefore directly 
proportional to the displacement of the line on the scale. 

In Figs. 3 and 4 are given examples of the curves of contraction of 
frog’s muscle before and after treatment with NaCl for a few minutes. 
Curve No. 1 in Fig. 4 is from the same muscle as curve No. 1 in Fig. 3, 


Fig. 4. Rhythmic contractions Of same muscles as Pig. 8, (No. 1 corresponds to No. 1. 
etc.), after treatment for a few minutes with NaCl 0°65 %% : stimulated at same rate as 
corresponding muscles in Fig. 3. Heat productions to be compared with Fig. 3. 
H. P. = heat production. 


taken about 20 mins. after treatment with NaCl. Similarly all curves 
of corresponding numbers in the two figures are taken from the same 
muscle, Numbers 2, 4 and 5 in the two figures are especially strong 
evidence that tone in muscles requires less heat production than contrac- 
tions of the same height occurring rhythmically. 

Below are given fuller descriptions of the experiments (Table III) 
The height of contraction and height of tone are taken at the moment 
when the heat is measured. The first column in each experiment 
represents the observations taken on normal muscles, the second column 
those taken after treatment with NaCl. In all cases but one (No. 7) it 
is noticeable that increased tone tends to be connected with decreased 
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heat production. No. 7 is unusual: I cannot explain it in any way ; 
however as it is the only one out of 15 experiments which showed this 
effect one can only conclude that the unusual phenomenon of increased 
tone being accompanied by increased heat production must in this 
experiment be due to some accidental cause. It was, in point of fact, 
the second experiment made on this subject: which shows the necessity 


of making a large number of experiments before drawing conclusions in 


a case of this kind. 


TABLE III. 
Experiment :—No. 1 No. 2 No. 8 No. 4 
— — — 
Total height of contraction 29 28 31 38-4 18 12 23 225 31 
Height of tone bee 9 1% 18 80 45 11 23 585 2˙8 
Heat production * 212 191 168 152 320 105 130 425 266 
Interval between stimuli .. 43 sec “43 sec. 36 sec 86 sec. 
Weight lifted by muscle .. 1-4 gr 1-4 gr 71 gr 7˙ gr 
Experiment: —No. 6 No. 6 No. 7 No. 8 No. 9 
— — — — 
Total height of contraction 39. 37. 297 3%... 39 ..19 2:1 
Height of tone ... 45 1˙1 17 65 6 10 
Heat production 257 122 805 195 185 220 245 200 174 136 
Interval between stimuli ... “28 sec. 52 sec. 52 sec. 52 sec. 33 sec. 
Weight lifted by muscle ... 1-4 gr. 6 gr. 9 gr. 9 gr. 2°8 gr. 


There is thus, from Part I, a considerable heat production during 
the tonic contraction known as contracture, but the experiments in 
Part II, show that, at any rate in rhythmically contracting muscle, tone 
is accompanied by a smaller heat production than twitches rising at 
short intervals to the same height. 

This fact may be of importance in the heart, for we should conclude 
that any circumstances which send a heart into tone while its total con- 


traction (tone + beats) is unchanged, are considerably lessening the | 


energy breakdown which the heart has to produce, and in a weakly 
badly nourished organ are possibly relieving it of the strain of excessive 


CONCLUSIONS. 


1. The heat production occurring at a normal twitch of the skeletal 
muscle of a frog lasts only a very short time and may be described as 
instantaneous. 


2. Prolonged heat production, lasting sometimes for several minutes, 


is seen in many cases. In other cases where the muscle has been left 
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even set up a permanent 
constant heat production. 

8. All these cases where the heat production is prolonged show the 
phenomenon of “ contracture” or prolonged contraction : probably there- 
fore prolonged heat production causes prolonged contraction, or both 
may be referred to some third factor. 

4. By the application of NaCl 0°65 % to a muscle the tone of incom- 
plete tetanus set up by about 3 twitches per second may be very largely 
increased, above that which it would be in normal muscle stimulated at 
the same rate. In cases of approximately equal total height of contrac- 
tion (tone + beats) the increased tone is always accompanied by a largely 
decreased heat production. 

5. There is every reason to believe the heart is exactly analogous 
to a muscle stimulated at regular intervals: if this is so the tonic con- 
dition of the heart involves far less energy breakdown than the condition 
in which the heart beats from complete diastole. 


The expenses of this research have been in part defrayed by a grant from the Royal 
Society. 
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ON THE “HEAT COAGULATION” OF PROTEINS. 

By HARRIETTE CHICK, DSc., Assistant, Lister Institute 

of Preventive Medicine, anv C. J. MARTIN, M.B., D.Sc., F. RS., 
Director of the Lister Institute of Preventive Medicine. 


On heating solutions of many proteins, as temperature rises, an 
irreversible change of state occurs—so-called “heat-coagulation.” 
Similarly, in the case of most proteins endowed with active physio- 
logical properties (e.g. ferments, toxins, lysins, opsonins, complements, 
ete.), at or about a particular temperature these properties are 
destroyed. 

Up to the present it has been the almost universal practice to regard 
the temperature at which change of state or loss of activity occurs, as if 
it were a physical constant characteristic of the particular protein, this 
temperature being subject to small variations according to the con- 
ditions of experiment. 

This may however be an entirely misleading way of regarding the 
matter and the well-known fact that the destruction of active properties, 
or precipitation as the case may be, does not occur instantaneously 
suggests a time process in which heat merely plays the subsidiary part 
of accelerator. This view of the coagulation of proteins was indeed 
advanced by Duclaux (1893) and has since been established by 
Famulener and Madsen (1908) for the destruction of the active 
properties in solutions of three antigens, vibriolysin, tetanolysin and 
goats’-serum-hemolysin, and by Madsen and Streng (1909) for 
agglutinins, 

We have occupied ourselves in the first instance with an investiga- 
tion of the laws governing the precipitation of solutions of pure proteins 
because such a process lends itself more easily to accurate quantitative 
methods. 


The fact that various proteins are more or less easily coagulated by 
heating their solutions has proved useful for their identification and 
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differentiation, see Hewson (1772), Kühne (1864), Fredericg (1877), 
Wey! (1877), Halliburton (1884). 

It was apparent to Weyl that the temperature of heat coagulation, 
even if it were of the nature of a physical constant, was altered by a 
variety of conditions and Hammarsten (1879) found that serum 
globulin, the coagulation temperature of which was determined by 
Hoppe-Seyler to be 72° to 75° C., coagulated at 68° to 80° C. according 
to the rate of heating up and the concentration of protein and salt. 
Osborne and Campbell (1900) found a similar difference in the 
coagulation temperature of egg albumen by varying the concentra- 
tion of protein and NaCl. A fourth factor which exerts a profound 
influence is the addition of even minute amounts of acid or alkali. 
Halliburton (1884) found in the case of serum albumen that 
neutralizing (to litmus) an alkaline solution lowered the coagulation 
temperature from 80° to 78°C. and, by the successive addition of 
small quantities of acid, it fell as low as 53° C. | 

The value of the determination of the temperature of heat coagula- 
tion as a means of differentiating proteins has been severely criticised 
by Haycraft and Duggan (1890), who point out that the act of 
coagulation takes a certain time, and that the temperature of coagula- 
tion, as usually studied, rises as the concentration of protein diminishes ; 
it was also criticised by Duclaux (1893). On the other hand, the 
usefulness of the method when performed under standard conditions 
was defended by Hewlett (1892), and, provided the four conditions 
mentioned above be kept uniform, the observation of the temperature 
at which precipitation commences undoubtedly affords useful informa- 
tion, It will, however, be apparent from the experiments below, that, 
as insisted upon by Duclaux (1893), heating in solution is not a 
method which lends itself to the fractional separation of proteins unless 
the difference in the readiness with which they are thrown out of 
solution be very considerable. Were the process a reversible one it 
would be different and the method would compare in usefulness with 
fractional distillation. 


Nature of heat coagulation. ; 


The coagulation of proteins by heating their solutions is not a 
pure temperature effect. Water as such or in the form of steam is 
essential, Proteins in the dry or nearly dry condition can be heated to 


much higher temperatures without change. Cohnheim (1900, p. 141) 
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attributes to Michel and Wichmann the observation that albumen 
crystals can be heated to 150° C. in the dry condition without change. 
Again, in the case of proteins soluble in 70°/, alcohol, such alcoholic 
solutions may be boiled without precipitating the protein but, if diluted 
with water, some coagulation occurs when the solution is heated to 
the same temperature (Osborne, 1909, p. 21). 

The contrast between the effect of heat upon proteins in the dry and 
moist state is a well-recognised fact, but, with the exception quoted 
above, we have been unable to discover in the literature any precise 
experimental data upon the point. 

We therefore heated crystalline egg-albumen and methæmoglobin 
in a hot air-bath jacketted with oil. The proteins were freed as much 
as possible from moisture by squeezing in a press between filter papers, 
but still contained 20% of water, Weighed portions of a few decigrams 
were placed in muslin bags and hung in the air bath through which a 
current of air passed. If only small masses are employed, it is not 
necessary to previously dry the protein, because as long as the residual 
water is being dissipated the material does not acquire the temperature of 
the bath. Samples were removed at intervals and estimation made of the 
protein still soluble in water. We found that crystallised egg-albumen 
was completely soluble after five hours’ heating to 120°.C. At 120°C. 
it was slowly changed and after four hours at this temperature 22% was 
rendered insoluble in water. A similar sample in a sealed tube (ie. in 
the presence of steam at the temperature of the bath) was rendered 
completely insoluble in a few moments. Metbæmoglobin was unchanged 
by subjection for four hours to a temperature of 110°C. Observations 
were not made at higher temperatures with this protein. 

So-called heat coagulation” appears to be a reaction taking place 
between protein and water leading under suitable conditions to the pre- 
cipitation of the former. If such is the case, it is difficult to imagine that 
it should occur only at or above any particular temperature, and an 
interpretation more in accordance with modern chemistry is that heat 
coagulation is a reaction with a high temperature coefficient, the reaction 
velocity of which varies considerably with different proteins and accord- 
ing to the acidity and saline content of the solution. 

In order to test this interpretation and at the same time to determine 
the progress of the reaction we kept solutions of two pure proteins, 
oxyhemoglobin and crystallised egg-albumen, at constant but different 
temperatures, removed samples at intervals and determined the amount 
of protein remaining unchanged. We are alive to the fact that by 
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so doing we are measuring the rate of change in a reaction which 
involves two distinct processes: (1) the reaction between water and 
protein, and (2) the separation of the product from a colloidal solution. 

Our experiments were performed in the presence of ammonium 
sulphate which facilitates coherence of the precipitates and, as the filtrates 
from the partially coagulated solutions displayed no sign whatever of 
being altered in character and showed no further change on standing at 
a lower temperature, we believe that, under these conditions, the time 
occupied in the physical change involved in No. 2 is insignificant and 
that we are indeed measuring the slower interaction between water and 
protein. 

Materials used. The hemoglobin was prepared from horse’s blood 
and crystallised from solutions of Am,SO,, as described by Schulz 
(1908). The crystals were separated from mother liquor by pressing 
between filter paper and were dissolved. in distilled water. A 3% 
solution of hemoglobin in a weak solution of Am,SO, was used for the 
experiments. 

Orystalline egg-albumen was prepared from the whites of fresh eggs 
according to the method of Hopkins and Pinkus(1898). The erystals 
were pressed as dry as possible between filter paper. A strong solution 
in distilled water, containing 20°8 / albumen 
and 8°4°/, Am,SO, formed the stock solution; 
it was diluted with the necessary amount of 
water as required. The stock solution was kept 
in the cold room as it was not permissible to 
add a preservative. Even the presence of toluol 
we found to greatly increase the rate of the 


reaction. — 
Method. The protein solutions were placed L 

in a test-tube of 200 oc. capacity fitted with a ]f -—— 

stirrer of bent glass tube. The upper end of 2 


the stirrer passed through a glass bearing in 
the cork. Near this upper end a side piece 
was blown through which the samples were 
withdrawn. The lower end of this tubular 
stirrer (Fig. 1) was open, the upper closed and 
attached to a revolving spindle. The test-tube 
was immersed in a bath of water with half an 
inch of mineral oil upon the surface to minimise 
evaporation. The bath was continuously stirred 
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and maintained at a constant temperature by means of a gas flame 
controlled by a toluol regulator. The variations in the temperature 
of the bath seldom exceeded 0°1°C. during the experiment. 
According to size and contents of the tube, 8 to 10 minutes were 
necessary for the solution to reach the temperature of the bath. A 
sufficient period having been s‘lowed for warming up, samples of the 
tube’s contents were withdrawn after successive intervals of time, cooled 
and filtered and the residual proteid determined. 


Determination of the proteid content in the samples. 

In the case of hwmoglobin, the residual proteid was determined 
colorimetrically by comparison with the first sample as standard (= 100). 
This comparison was carried out in a home-made apparatus, which was 
found to be much more convenient and accurate than any of the more 
elaborate ones which we tried. 

Three test tubes of the same diameter and made of glass of the same 
tint were carefully selected. The three tubes were observed in a narrow 
cardboard box, sufficiently long to take them in a row, and deep enough 
to hold them comfortably. Two square openings exactly opposite one 
another were cut out in the longer sides of the box, through which the 
colours could be seen when the box was held up to the light. A 
cigarette paper was pasted over the opening on the illuminated side. 
Two tubes contained the standard solution, diluted as necessary, 
while a third contained a known volume of the solution to be determined. 
This was diluted with successive small quantities of distilled water from 
a burette until its tint could not be distinguished from that of the two 
standard tubes between which it was placed. A further quantity of 
water was added until a difference in tint was again noticed. The 
mean between the readings when a difference could be detected was 
taken for end-point. 


In the case of egg-albumen the concentration of residual unchanged 
proteid in the filtered samples was determined by boiling a given 
volume of the filtrate, made just acid with acetic acid, collecting the 
coagulum on a weighed filter paper, drying at 110° C., and weighing. 


The reaction velocity of coagulation. 
Hemoglobin. The hemoglobin solutions were experimented with as 
prepared and contained ammonium sulphate. Table I gives the results 
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of five experiments made with a solution of hemoglobin containing 
about 3°/, proteid (determined by weighing the coagulum obtained on 
boiling) at temperatures between 60°C. and 70 C. The residual 
concentrations of hemoglobin are expressed in proportion to that of the 
first sample which is representd by 100. The first sample was taken 
after sufficient time had elapsed for the tube and contents to take the 
temperature of the bath, and time is reckoned from the * of the 
first sample. 


TABLE I. Coagulation of hemoglobin, 3 / solution. 


Concentration K 
Temp. of bath, minutes (rt sample = 100) log C Co 
Exp. =t = Logys 
1 60 100=C, 2000 — 
30 54 1782 0090 
90 18 •˙⁵ 1000 0097 
mean ‘0093 
2 62°6 0=t, 100 2-000 — 
20 42 1°623 019 
45 12 1-079 “020 
70 48 681 019 
mean 9019 
3 65°6 0=t, 100 2-000 — 
10 35˙5 1350 045 
20 1041 048 
30 50 699 043 
mean 044 
4 67°6 0=t, 100 2-000 — 
3 614 1788 071 
6 84°8 1542 076 
9 24°9 1°396 067 
mean 074 
5 70°4 0=t, 100 2-000 — 
2 §2°5 1720 16 
4 25°3 1404 15 
6 14˙1 1150 15 
75 76 886 15 
mean 186 


temperature of tube and contents was known to have reached that of the bath. 
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In the right-hand column of the table are given values for the 
velocity constant, calculated on the assumption that the process proceeds 
logarithmically. These are in good agreement, indicating that the 
reaction velocity at any moment is proportional to the concentration of 
unchanged hemoglobin. This is graphically shown in Fig. 2, where 
logarithms of hemoglobin-concentration are plotted against time, and 
five straight lines are obtained corresponding to the five experiments 
in Table I. As the temperature is raised, these lines become rapidly 
steeper, and the velocity constants in Table I become greater in value. 


70 

“ 
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Fig. 2. Ooagulation of hemoglobin in 3 % solution at temperatures from 60° ©. to 70° C. 
{original concentration=100). Ordinates = logarithms of concentration of hwmoglobin. 


From the results of these experiments it is evident that the change 
occurring on heating a solution of hemoglobin is a reaction of the first 
order. 


Our interpretation of the facts is as follows: Water reacts with 
hemoglobin, and this reaction results in the splitting off of hematin and 
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the formation of an insoluble protein. As the water is in infinite 
excess, at any one temperature the rate of reaction is determined only 
by the residual concentration of the hwmoglobin. At ordinary tempera- 
tures this reaction between hemoglobin and water is inappreciable, but 
is greatly enhanced by raising the temperature, in other words the 
reaction has a high temperature coefficient. This has been determined 
for coagulation of hemoglobin and egg-albumen and will be discussed 
later. 
What the nature of the cleavage may be we are ignorant but the 
phenomenon presents some analogy with the hydrolysis of cane sugar. 


Crystallised egg-albumen. A 1% solution of egg-albumen was used 
and the experiments were similar to those with hemoglobin detailed 
above, except that the concentration of albumen in the samples removed 
at intervals was determined by boiling and weighing the precipitated 
protein. The temperatures employed varied between 69° and 77° C. 

The crystals of egg-albumen were twice recrystallised from solutions 
of ammonium sulphate. The solutions contained free acid and required 
the addition of considerable quantities of alkali before the concentration 
of H“ ions was reduced to that of water. The observations were made by 
determining the electromotive force of hydrogen concentration-cells and 
will be referred to again later. The fact is mentioned here to indicate 
that egg-albumen crystals are salts of the protein with the acid present 
at the time of their precipitation as was found by Osborne (1902) to 
be the case with Edestin crystals. Such salt formation by proteins has 
been abundantly shown among others by Skojvist (1895), Spiro and 
Pemsel (1898), Osborne (1899 I and II and 1902), Erb (1901), 
Pauli (1907), Moore and Bigland (1910). In water these salts 
hydrolyse to some extent and a solution containing salts of albumen, 
albumen and acid is produced. Under these circumstances, it might 
be anticipated that the progress of the reaction with hot water would 
be more complicated than was the case with hemoglobin. 

In Table II are set forth the results of four experiments showing the 
progress of coagulation in a 1% solution of egg-albumen crystals at 
temperatures of 69° to 76°3°C. The solution was rendered alkaline to 


laemoid solution by the addition of 5 cc. 10 AmOH to 100 c and 


1 The original albumen solution contained 1-039 % protein, so that the amount of 
ammonia added is equivalent to 4-81 o.. 10 AmOH per gram protein; after this dilution 
the solution contained 0-99 » albuinen. 
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subsequent examination of the concentration of H+ ions in this solution 
with a gas-chain battery by the hydrogen concentration-cell method 
indicated that the solution was only slightly more alkaline than distilled 
water. Nevertheless, a distinct formation of alkali albumen was detected 
after the solution had been heated for some hours. The residual con- 
centration of protein in the solutions is given in milligrams per c.c. 


TABLE II. Coagulation of 0-99 „/ crystalline egg-albwmen solution. 


Temp. of Time, Amt. of filtrate Ww of Residual! albumen, 
Exp. C. minutes analysed, c. c. merx. per c. c. 


1 69 10 15 0˙1462 9747 
8⁵ 16 01104 7-360 

180 . 145 0-0838 5°779 

360 00598 4184 

741 21 00585 2-786 

1448 30 0-0604 2-013 " 

2 711 11 13°5 0»1826 9-823 
87 172 01162 6756 

62 11-7 0-0607 5°187 

90 18 00850 4°722 

146 19°5 0-0634 3-251 

280 23 0-0487 2117 

8 78 10 145 0°1379 9°512 
20 14°5 0-0818 5-642 

30 125 0°0545 4-360 

50 16 00470 2-938 

129 17°5 00270 1-543 

275 34 0-0393 1°156 

4 76°38 10°56 12 0°0442 3-683 
13 12 0°0312 2-600 

17 20 0°0407 2-085 

22 18 0°0243 1-350 

30 40 0°0480 1-200 


In Fig. 3, the concentration after definite intervals is plotted against 
time. The points appear to lie upon smooth curves, indicating that the 
proceeds in an orderly manner. An examination of the figures 
showed that the relation of the concentration to time did not follow a 
simple logarithmic law, but decreased with time more quickly than would 
be accounted for if the rate were merely proportional to the concentra- 
tion of protein. 
We have made a large number of experiments with egg-albumen 
solution, the details of which we have not included in this paper. The 
results of these experiments showed general agreement with those 
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described above and afforded curves similar to those drawn in Fig. 3, 


For some time we were not aware how extremely sensitive this process 
is to a variety of influences, and that it is essential to work with the 
same solution if the results are to be compared. No preservative is 
permissible and the solutions must be frozen during the time between 
the observations. In the early portion of the work sufficient precautions 
were not taken, and these experiments cannot therefore be used for 
comparative purposes. 


69 * 
3 ‘ 
‘ 
Time in Minures 
9 000 200 300 400 500 600 700 * 
Fig. 3. Influence of temperature upon coagulation rate of egg - albumen. Coagulation of 
1% solution at temperatures from 69°C. to 76:80. Ordinates of 
albumen in milligrams per c.c. 


TABLE III. Temperature coefficient of heat coagulation of haemoglobin. 


constant (Kx 10) in 


velocity constant 
Material t =K =logk constant per 1°C. K) 
Hemo- 70°4 0-15 2-176 — — — 
globin lag k, 

67 6 0-074 1-869 0°109 — 58, 700 

65°6 0-044 1-643 0-111 — 59,410 

62°6 0-019 1-278 0-115 — 61,030 

60 000938 0-116 — 61,070 

mean 0°118 1°30 mean 60,050 


27—2 


. 
* 
1 
« 
* 
I 
. 
> 
q 
. * 
é 


414 H. CHICK AND ©. J. MARTIN. 


Temperature coefficient of the reaction. 

Hemoglobin. The effect of temperature upon the reaction velocity 
of coagulation was studied by comparing the velocity constants at the 
various temperatures. The available data obtained from Table I are set 
forth in Table III, and it will be seen that between the temperatures of 
60° C. and 70°C., rise of temperature has a consistent effect upon the 
rate of coagulation. This is in approximate obedience to a logarithmic 
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Fig. 4. Influence of temperature upon the reaction velocity of hemoglobin 


coagulation 
(8% solution), logarithms of mean values of the velocity constant (ordinates), 
plotted against temperature (abscisss). 
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law, the mean logarithmic difference in velocity constant for a rise of 
temperature of 1°C., calculated from the various different experiments, 
remaining nearly constant in value throughout the range observed. 
This is expressed graphically in Fig. 4, where logarithms of velocity 
constants, plotted against temperature, fall upon a straight line. 
The formula of Arrhenius, in which an additional factor having 
reference to the absolute temperatures is introduced, bas, in many cases, 
been found to express the effect of temperature upon reactions, and 
would appear to be applicable here equally with the 2 . law dis- 


cussed in the preceding paragraph. The values of (fl f loge K. 


are given in the last column of Table III, and a fair ee to 
constancy is displayed. Over the small range of temperature of the 
experiments, it is difficult to say which expression is the better 
applicable. 

From Table III the coagulation rate of hemoglobin i is seen to be 
increased 1°3 times for a rise in temperature of 1°C., ie. 13°8 times for 
a rise in temperature of 10°C. 


Egg-albumen. It is not possible, as was done in the case of hemo- 
globin, to ascertain the temperature coefficient by a direct comparison of 
velocity constants at different temperatures, because the equation to the 
curve is unknown. It is legitimate, however, to compare the time taken 
for a similar reduction in concentration of unaltered albumen at various 
temperatures. In Fig. 3 concentrations of residual albumen are plotted 
against time, at four different temperatures; from the smoothed curves 
the times taken at each temperature for a concentration of albumen (A) 
to be reduced to concentration (B) can be determined. The reciprocals 
of these times are proportional to the average velocities of similar 
portions of the total coagulation process at the various temperatures and 
may be compared. In this way the figures in Table IV are obtained, 
giving the times taken for reduction of concentration of uncoagulated 
albumen from 9 mgr. per c.c. to 3 mgr. per c.c. in each case. 

Rise of temperature within the limits employed has a consistent 
influence upon the average velocity of coagulation of egg-albumen and 
this influence is even greater than was the case with hemoglobin. The 
average velocity of coagulation of egg-albumen is increased 1°91 times 
for a rise in temperature of 1°C., i.e. at the rate of about 635 times for 
10°C. 
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TABLE IV. the ecogulation of 


2 
Mean 
tion, 9 mer. per c. c. fference tive change 
—— in aver. ne * 
690 6170 0-00973=V, 0°988 — — — 
711 155 0 003871 1587 0°285 1°93 136,500 
73°0 41°5 0°1446 2-160 0°294 1°97 141,600 
76°38 72° 0833 2921 0°265 184 128,800 
Mean 1°91 
* Figure by extrapolation. : 


In the last column of Table IV are given the value of u, if the formula 
of Arrhenius be supposed to hold in this instance, The value obtained 
from the various experiments shows a rough constancy and is nearly 
three times that obtaining in the case of haemoglobin. 


The temperature coefficient which we find for the coagulation of 
these two proteins by hot water, 130 and 191 times respectively for 
1° C. rise in temperature, is an exceedingly high one compared with the 
effect of temperature upon most chemical reactions, In the majority of 
instances the reaction velocity is increased about 11 times for I C., that 
is 2 to 3 times for a rise of temperature of 10° C., and even the biologi- 
cal processes of germination of seeds, respiration of plants and growth of 
bacteria fall within this range. On the other hand, many reactions in 
which complex protein bodies are concerned have been shown to possess 
high temperature coefficients which are comparable with those obtained 
for heat coagulation. The destruction of emulsin by heat has, according 
to Tamman (1895), a temperature coefficient of 7°14 for 10° C. rise of 
temperature between the temperatures of 60°C. and 70°C. Bayliss 
(1908, p. 52) found the action of trypsin to be hastened 53 times for 
10° C. rise of temperature. Meyer (1906) found the disinfection of 
spores of B. subtilis and B. robur by heat to be hastened from 4 to 5 
times for 10° C. rise of temperature, in accordance with a logarithmic 
law. Ballner (1902) found disinfection of anthrax spores by steam to 
take place from 9 to 11 times more quickly by raising the temperature 
10° C.; a simple logarithmic law and the law of Arrhenius are equally 
applicable to his results (H. Chick, 1908, p. 153) Disinfection of 
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vegetative forms of bacteria (B. paratyphosus) with phenol and other 
coal tar derivatives has a temperature coefficient of 8 to 10 for 10°C. 
rise in temperature’. 

The high temperature coefficient for coagulation of egg-albumen has 
a counterpart in that for the velocity of destruction by hot water of the 
hemolysins in vibriolysin, tetanolysin and goat-serum. Famulener 
and Madsen (1908) found the influence of temperatne to be in accord- 
ance with the law of Arrhenius, and the velocity of this reaction to be 
doubled if the temperature were raised 1°C. Madsen and Streng 
(1909) showed the action of hot water upon some agglutinins to be 
similarly influenced by temperature. 

All the high temperature coefficients mentioned above have been 
observed with reactions taking place in colloidal solutions which suggests 
that under these conditions the effect of temperature is produced in 
some other way than by merely enhancing the intrinsic energy of the 
molecules. In what other way temperature may operate, we have how- 
ever no proof. Mr W. B. Hardy has suggested to us that alteration 
in the mean size of the protein aggregates, whereby the total surface 
was increased, might explain a rise in reaction velocity. The heat 
coefficient of egg-albumen may be in part so explained, but, since from 
the osmotic pressure determinations of Hüfner and Gansser (1907) 
and Roaf (1909) hemoglobin would seem to exist in solution in single 
molecules, some other interpretation must be looked for in this case. 


It must not be overlooked that in all these observations the range 
over which the influence of temperature has been studied is a very 
small one—in our own experiments 10° C.—and there is no experimental 
proof that the effect of temperature remains the same over a wider 
range. We have, however, observed the formation of an insoluble 
precipitate in faintly acid solutions of egg white after one week at 37°C., 
and it is a matter of common observation that protein solutions slowly 
deposit an insoluble precipitate of protein on long standing. 

From the results set forth in this paper it is clearly inaccurate to 
consider that a protein coagulates at any particular temperature. It is 
true that proteins heated with water under exactly similar circumstances 
usually commence to precipitate at or about some definite temperatures, 
but it is misleading to look upon the “coagulation temperature” as if 


2 On the other hand disinfection by mercuric chloride or silver nitrate has a much 
lower coefficient, viz. 2—4, H. Chick (1908), B. paratyphosus ; Madsen and Nyman 
(1907) anthraxspores). 
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it were of the nature of a physical constant of the particular protein. 
It is due to the high temperature coefficient of this reaction that 
observations of the so-called coagulation temperature have been of 
service, A real distinction is, however, afforded by the rate at which a 
protein is coagulated at any given temperature and under similar 
conditions ns to reaftion and salt content. 


Effects of acid and alkali upon rate of coagulation of egg-albumen. 


It has long been known that the addition of acid or alkali influences 
the readiness with which protein is thrown out of solution by hot water. 
Halliburton (1884) found that with solutions alkaline to litmus, 
the temperature at which precipitation occurred, if at all, was not much 
influenced by the degree of alkalinity. On the other hand, acid lowered 
the temperature of coagulation ; if acid were added in equal quantity 
to a solution of albumen the first additions produced a small fall in 
coagulation temperature, and this effect became progressively more 
marked with each successive addition. Halliburton’s results as to the 
general effect of acid in increasing the readiness with which proteins 
were precipitated from their solutions were confirmed by Haycraft and 
Duggan (1890). 

A certain amount of confusion upon this subject is due to the fact 
that in the past the criterion of neutrality has been arrived at with the 
use of indicators, substances which in many cases act as stronger acids or 
bases than the proteins themselves, Our observations with solutions of 
egg-albumen have led us to the conclusion that directly the concentra- 
tion of OH- ions in a solution rises above a minimum (about twice the 
concentration in distilled water) some alkali-albumen is formed on 
heating. The question therefore resolves itself into the effect of acid. 

Having ascertained that it is improper to speak of a protein as 
having any particular coagulation temperature, we have studied the 
effect of addition of acid upon the velocity of coagulation at constant 
temperature. For this purpose hemoglobin could not be used owing to 
its extreme sensitiveness to acid and the experiments were therefore 
confined to erystalline egg-albumen. 

In Table V are given the results of six experiments made with the 
same material and at the same temperature, 69° C., and differing only 
in the reaction of the albumen solution employed, which varied from 
the material as prepared, with markedly acid reaction, to the limit 
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TABLE V. Coagulation of crystalline egg-albwmen, 0-99 % solution, with 


original acidit,,, and after addition of various amounts of ammonia, at 69° C. 


Exp. 
1 


No, of ec. 


10 AmOH added 
per gram protein 


0 


160 


2°40 


4°01 


4°81 


288888 888 888 & 


“se 


ger 888888 8 


888 
— 
a 


Amount of 


Weight of 
coagulum, 


7 
— — = = 
crams mgrs. per c. e. 
0 control — 9901 
- 22 0-1262 5-787 
10 23 0˙1022 4-444 | 
11 24°5 0-0989 4-037 4 
12°5 22°5 0-0800 3-555 q 
0-0999 2896 
2 16 0-1260 7°876 
16°5 0°1105 6-697 
22°5 0°1257 
23 0˙111¹ 4-881 
32 01172 3663 
18 00506 2-811 
3 17 0-1461 8-594 
16 0°1168 7°801 
20 0˙1180 5-900 | 
18 0-0795 4°416 
22°5 0-0806 8°582 
28°5 00716 2°512 
4 8-20 17 0-1458 8°576 
15°5 6°1246 8-040 4 
8°5 0-0636 7-482 
30 0°1809 6-030 
21 0°1025 4881 
5 8°53 127 0˙1201 
15°5 0°1279 8.251 
16 0˙1144 7161 
18°5 0˙1058 5˙719 
18˙7 00802 4-288 
148 0˙0428 2˙892 9 
36 0-0709 1-969 
| 6 a 13 0-1230 9°461 
12°5 01000 8001 
| 16 0°1073 6°707 | 
175 0°0836 4°777 
24 0-0589 2-454 4 
7 a See Table III, Experiment at 69° C. 
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of alkalinity possible without formation of alkali albumen‘ (Exp. 7). 
This is after all a very small range, but was the utmost within the 
compass of our experimental method for any one temperature, As it 
was, the reaction rate in the most acid condition (Exp. 1) was so rapid 
as to make the observations only just possible, whereas the experiment 
with neutral solution occupied 12 hours. 

The results are shown graphically in Fig. 5 where the concentration 
of residual albumen in solution for seven different degrees of acidity are 
plotted against time. The observations fall upon smooth curves. As in 


200 300 400 500 600 00 80⁰ 


Fig. 5. Influence of acid upon coagulation rate at 69° C. of egg-albumen in 1% solutions 

to which varying amounts of alkali had been added. Ordinates= of 

albumen in milligrams per c.c. Abscisse=Time minutes. 


1. Original solution, reaction acid, ie. H* ion concentration greater than distilled water. 
2. 1-6 0.0. 10 AmOH added per gram protein, reaction acid, os a 
„ 8 * reaction alkaline, i.e. H“ ion concentration 
less than water. 
7. 481 ” ” 


It must be remembered that the original solution of twice re-crystallised egg-albumen 
crystals is decidedly acid and that we have studied the effect of varying the acidity by 
adding different amounts of alkali. This method was employed owing to the fact that at 
that time we had no means of ascertaining the true neutral point of the solution. It has 
no disadvantage other than rendering the description involved. 
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the previous series the reaction rate falls off more rapidly than can be 
accounted for by the decrease in concentration, but the nature of the 
curve has not been ascertained. 

Therefore, for a quantitative comparison of the rates of W 
with different degrees of acidity the same expedient had to be adopted 
as before and the average velocities derived from the times taken for 
the concentration to be reduced from 6 mgrs. per c.c. to 3 mgrs. per c.. 
in each case. The figures were obtained from the smoothed curves of 
Fig. 5, and are set forth in Table VI. 

Examination of Table VI or a glance at Fig. 6, in which the mean 


velocity of coagulation is plotted against no. of de 1 alkali added per 


gram protein, reveals the fact that as the acid is removed the rate of 
coagulation falls, at first very rapidly, afterwards more slowly, the effect 
being in no simple proportion to the alkali added. 


TABLE VI. Effect of acid upon rate of coagulation of a 0-99 „% solution 
of erystalline egg-albumen. Total volume of solution constant = 157°5 e. o. 


2 Time taken for reduction in 
N amOH added Reaction Average velocity during 
0 Original acidity 71 -4225 
160 Acid 575 -0522 
2°40 150 0200 
320 240 
3°53 9 800 0100 
401 alkaline 370 90811 
1481 480 00625 


These results confirm in the main those of Halliburton (1884) with 
serum proteins already referred to (p. 405). In our experiments the 
effect of acid is more striking, but that is to be explained as follows. 
The influence of acid is here measured by comparing coagulation rates at 
constant temperature, whereas Halliburton compared the coagula- 
tion temperatures, that is to say temperatures at which coagulation 
takes place at approximately the same rate. For a process with a high 
temperature coefficient the former method is the more accurate. An 
amount of acid which would double the coagulation rate at a given 
temperature would lower the apparent “ coagulation temperature ” only 
about 1° C. 

Little further could be made of the facts until we had found out the 
true neutral point of the solution, te, the point where the concentration 
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of hydrogen ions equalled that in distilled water, and had also determined 
what influence the withdrawal of acid was producing upon the real 
acidity of the solution (concentration of hydrogen ions). 

This we have bé6n enabled to carry out owing to the kindness of Dr 
N. T. M. Wilsmore of University College, who not only placed the re- 
sources of his laboratory at our disposal but with infinite pains instructed 
us in the use of the gas-chain battery and generally looked after us 
while we made the observations. Subsequently we installed the 
apparatus in our own laboratory and repeated the determinations. 


4 


Fig. 6. Influence of acid upon coagulation rate of egg-albumen. 8 
per c.c, coagulated per minute. Abscises=number of o.c. 10 AmOH added to the 
original acid solution per gram protein. 
The particular deposition of the apparatus we used was that 

described by Wilsmore (1900). Two hydrogen electrodes were em- 


ployed ; one dipped into 10 HCI, and the other into the solution whose 
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E. M. T. was to be measured. The two cells were connected by a vessel 
containing a saturated solution of ammonium nitrate, in order to mini- 
mise the contact potential between the two solutions. The temperature 
was maintained at 18°C, The solutions under investigation contained 
1% egg albumen, 0 0°4°/, ammonium sulphate and varying quantities of 
* AmO H. After adding the alkali the solutions stood overnight in 
order that equilibrium might be attained. 

We first ascertained that the E.M.F. given when one all contained 


10 HCl and the other 1558 HCl was nearly the theoretical value, viz. 


1154 volt. In the series of observations detailed in the table tbe actual 
value obtained under these conditions was 0°1150 volt. The small error 
due to the presence of 0°4°/, Am,SO, in one cell only was subsequently 
ascertained to be +°004 volt and in the table the observed values for 
Ek. M. r. bave been corrected by this amount. 


TABLE VII. Concentration of H+ ions in 0-99 / solution after addition 
of various quantities f 10 AmOH. Total volume of solution constant 


Solution in contact 
with 2nd H. electrode, 
Solution in contact 15 AmOH added EM. F. volts 
with Ist I. electrode, per grm. protein of H+ fons 
N 0-00 — 251x 10-7 N 
10 0°20 0-211 222x-7 N 
1-20 0-238 150 „ 
2-20 0-268 77 „ 
Acid 2˙84 0-294 7°96 „ 
8°17 8°38 „ 
8°58 0384 1°62 
3°60 0˙344 109 , 
135 0.560 0-68 ,, 
4°80 0˙369 0-41 „ 


The results of these observations are set out in Table VII, where the 


number of ce. 10 AmOH added per gram of proteid, the E N. . observed 


and the concentration of hydrogen ions corresponding thereto appear in 
parallel columns, The calculation of the concentration of the hydrogen 
ions is made by meaus of the general formula of Nernst for the case of 
similar electrodes and solutions containing univalent ions, viz; 


concentration H.“ 
E. M. F. = 0°0577 log. trution H, ＋ 
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The results permit of important conclusions regarding the composition 
of our egg-albumen solution. The 1% solution of egg-albumen crystals, 
as originally made up, contained a concentration of free acid of 251 * 10 
normal, and required the addition of 40 c 10 AmOH to reduce that 
concentration to that of pure water, so that the total acid combined 
with 1 gram of protein as crystals was 00004 equivalents and of 
this amount 07 / was free in the solution. Egg-albumen crystals, 
crystallised from acetic acid ammonium sulphate solutions were shown 
by Osborne (1899) to consist to some considerable part of protein 
combined with acid to form a salt or series of salts. What in our solu- 
tions was the nature of the acid we have not determined, but, as they 
were prepared in the first instance from a solution of egg-white (contain- 
ing excess of ammonium sulphate) and subsequently twice recrystallised 
from strong ammonium sulphate solutions, it is probable that the acid 
radicle was SO}. The amount of hydrolysis is surprisingly small, when we 
consider that the solution cannot be stronger than about eth normal 
and is probably less, but, as we are at present ignorant how far the 
protein is saturated with acid, it is impossible to draw any conclusions as 
to the strength of egg-albumen as a base. 

Our observations do not afford any simple explanation of the effect 
of acid upon the coagulation rate of a protein solution. Having 
ascertained that “heat coagulation” was a reaction between the protein 
and water in which heat and acid play the subsidiary part of accelera- 
tors we thought that, as is the case with the hydrolysis of sugar, the 
velocity of the reaction might be conditioned by the concentration of 
hydrogen ions present. At constant temperature the rate is, however, 

velocit 
not entirely dependent upon their concentration, as He * 
is not a constant. In Fig. 7 the logarithms of the mean coagulation rate 
at 69°C. (Table VI) and the logarithms of the hydrogen ion con- 
centration are both plotted against the alkali added per gram of 
protein, but, although indicating a certain parallelism in the mediate 
portion of the curve, there is clearly another factor involved. At first 
(ve. near the neutral point) the hydrogen ion concentration rises much 
more quickly than the coagulation rate, then becomes nearly pro- 


portional and finally the rate of coagulation increases more rapi 
than the concentration of the hydrogen ions. * 


* Osborne (1899, 1) has shown that crystals of Edestin prepared in analogous 
manner in the presence of NaCl contain the chloride. = 
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It may well be that the apparent relation, such as it is, of coagula- 
tion rate to concentration of hydrogen ions is a spurious one and that 
the gradual conversion of the protein to protein salt, or to a series of 
protein salts of increasing acidity and different velocity coefficients 
accounts for the influence of acid upon the rate of coagulation. 


— 


1 20 3 4 5 


Fig. 7. Relation between average velocity of egg-albumen coagulation and the concentra- 
tion of free acid (H* ions) in the solution. 

@ hydrogen ion concentration, ordinates - logie (concentration of H* ions x 10’). 

O =average velocity of coagulation, ordinates = log,, (average velocity of coagulation x 10). 


Abscissm = number of 0.0. 10 AmOH added per gram protein to the original acid solution. 


TABLE VIII. Let of acid upon coagulation rate of a 1-003 % solution’ 
of egg-albumen, comparison of sulphuric and acetic acids. 
Temp.=70° C., time=55 minutes. | 
Amount of filtrateafter Weight of Uneoagulated 


Control, 10 c. 0. albumen 91-2 
solution + 1 o.c, H,O 

10 c.c. albumen solution 
+088 cc. 10 H,80, 4-40 00224 509 44-2 
+06 o.c. H,O 

10 c. o. albumen solution 
+016 K. 80. 

N 4°81 0-0243 50°5 446 

+0°16 10 HA 
+0°66 0.0. H,O 


deen unde to lanes with ammonia. 


23 
20 
0 
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| 
| 
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We thought to throw light upon this question by comparing the 
effect of equivalent quantities of sulphuric acid and acetic acid upon 
coagulation rate, From Table VIII it will be seen that the effect of the 
weaker and stronger acids was almost the same. At first this appeared 
to settle the matter but on calculating the concentration of free acid 
(about N x 10-9) it was of such a dilution that even acetic acid may 
be considered to be completely ionised. 

We cannot therefore decide to what extent the influence of acid upon 
the reaction rate is to be attributed to variation of hydrogen ion con- 
centration, and to alteration in the nature and proportion of salts of 
protein in the solution respectively. 


Diminution of free acid on coagulation of egg-albumen. 


It is common experience that on heating a protein solution, pre- 
viously rendered neutral or faintly acid to litmus paper, it becomes 
progressively less acid or even alkaline to litmus paper as coagulation 
proceeds. Due allowance for this phenomenon was made by Halli- 
burton (1884, p. 155) when using the fractional coagulation method for 
separating the proteins of serum. Corin and Bérard (1888) were also 
aware of the phenomenon and sought to compensate’ for it in their 
endeavour to differentiate the proteins in egg- white. Haycraft and 
Duggan (1890) suggested that the phenomenon might account for the 
continual “ raising of coagulation temperature” during the progress of 
coagulation. 

The observations detailed in a previous part of this paper confirming 
those of Spiro and Pemsel (1898), Osborne (1899), and Erb (1901), 
show that, when acid in not too great an amount is added to solutions of 
crystalline egg-albumen, the greater proportion is immediately combined, 
but a small amount remains free owing to the hydrolysis of the salt. 

The fate on coagulation of this free acid was quantitatively investi- 
gated as follows: A series of albumen solutions were prepared, all 
containing approximately 1% crystalline egg albumen, but possessed of 
different degrees of acidity. The concentration of H+ ions in these 


They attempted to adjust the reaction of the filtrate from each successive coagulation 
to the same point by first adding NaOH until it just showed pink with phenol-phthalein 
and then adding a constant amount of acid per unit volume. This procedure would be 
successful were it not for the fact that the protein content varied in each successive 
filtrate. Corin and Bérard were unaware of the salt formation of proteins, and did not 
realise that in consequence solutions in which their successive fractions were coagulated 
were progressively more and more acid. This no doubt explains partly the difference in 
the conclusions arrived at by these authors and other observers. 
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solutions was determined both before and after the solutions had ines 
heated to 90°C. for 5 minutes. The results are given in Table IX., 


10,000 Doral, 


the amount withdrawn from the solution is nearly proportional to the 
initial concentration of free acid. Above this strength the acid 
removed becomes proportionally less. 

The relation has not been further investigated, but is not unlike that 
found in absorption phenomena. We found that egg-albumen pre- 
cipitated by heating in nearly neutral solution, washed and added to 


3000 - 0 normal HCl removes acid from the solution. 


which shows that for small concentration of acid, up to 


TABLE IX. Showing the amount of acid fied during coagulation of 
| 0:99 °/, albumen solutions of differing acidity. 


Solution in Solution in — Po H+ ions in albumen solution of acid 
contact with contact with As After — — fixed per 
H electrode &ndHelectrode madeup heating As made up After heating gm. protein 
N HOl No. I Alb. sol. 8010 38451 * 10 N. * 107 N.“ 0•51 * 107 
10 No. 2 „ 24 38100 68-4 „ 424 „ 598 „ 
No. „ 1664 2051 1470 „ „ 
No. 4 „ 1097 1192 12600 „ 8590 „ 459 „ 


* Neutrality is equivalent to 8 x 107 N. 
+ Solutions 3 and 4 contained 91% and -87°/, albumen respectively. 


* SUMMARY AND CONCLUSIONS, 


The process of beat coagulation” has been studied with solutions 
of crystallised hemoglobin and crystallised egg-albumen. The complete 
solubility of both proteids after exposure to dry heat at high tempera- 
tures (110° C. 130°C.) indicates that “heat coagulation” of protein 
solutions is not a pure temperature effect, but a reaction between 
water and protein. 

In the case of solutions of hemoglobin the rate of coagulation at any 
moment is proportional to the concentration of residual hemoglobin, +... 
it is a reaction of the first order. 

Coagulation of solutions of egg-albumen crystals is also an orderly 
time process, but the rate decreases more rapidly as coagulation proceeds 
than can be accounted for by the decrease in concentration of uncoagu- 
lated protein. The explanation of this increased complexity is attributed 
to want of homogeneity in the composition of egg-albumen crystals, and 
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to the changing conditions due to the absorption of free acid by the 
coagulum as formed, see below. 

The conclusion of Osborne that egg-albumen crystals as prepared 
by Hopkins’ method consist of salts of protein with the acids used in 
their preparation is confirmed. | 

In the case of 1% solutions of egg-albumen, twice recrystallised 
from ammonium sulphate solution, the combined acid was equal to 
00004 equivalents per gram of protein and the proportion of acid free 
was 0-7 % of the total (0 0000251 N). 

On addition of alkali to the original solution most was employed in 
decomposition of the acid protein salts, and diminution of the free aci 
was very gradual. 3 

The effect of acid upon coagulation rate was studied in a series of 
respectively less and less acid, neutral, and faintly alkaline solutions 
prepared by addition of different amounts of alkali to the original acid 
solution. 

The effect of acid upon coagulation rate is considerable. The 
addition to a solution of egg albumen crystals of 4 c.c. 15 alkali per 
gram protein (i.e. the amount necessary to neutralise) reduced the 
reaction rate to gy th. 

The influence of acid in accelerating the coagulation rate of a 
neutral solution of egg-albumen is at first relatively small; with each 
successive addition of acid its influence becomes disproportionately 
greater. 

The mean coagulation rate of egg-albumen is not directly proportional 
to the hydrogen ion concentration. The velocity of the reaction in- 
creases at first more slowly and subsequently more quickly than the 
hydrogen ion content. It is possible however that hydrogen ion 
concentration may be a factor in determining reaction rate. 

As, however, most of the acid added;. combines to form salts it may 
be that the whole or part of its effect upon reaction rate is due to such 
salts reacting with water more rapidly than protein itself and the more 
acid salts more rapidly than the less acid salts. 

The free acid in a solution of egg-albumen crystals diminishes and 
even disappears as coagulation proceeds. The quantity of free acid 
fixed by the coagulation of a definite quantity of protein is at first 
nearly proportional to the concentration of free acid; as this concentra- 
tion increases, the amount fixed falls more and more short of proportion- 
ality. The curve suggests that the phenomenon is one of adsorption 
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by the coagulated particles, as protein already coagulated and washed 
absorbs free acid from solutions in which it is suspended. 

Coagulation of both proteins is influenced by temperature in 
accordance with the Law of Arrhenius or some similar logarithmic law. 
The temperature coefficient is exceedingly high, viz. 191 per degree 
centigrade for egg-albumen and 1˙3 per degree for hemoglobin. 


“Heat coagulation” is a reaction between protein and water and 
the effect of temperature is merely to accelerate it, The reaction has 
an extraordinarily high temperature coefficient and the velocity is 
influenced to a marked degree by a variety of conditions, most important 
among which is the presence of acid. It is improper to speak of 
proteins as having any particular “coagulation temperature” at which 
they are thrown out of solution. Notwithstanding this, the tempera- 
ture, at which under precisely similar conditions a precipitate is first 
visible, may be useful in differentiating proteins, and can even be 
utilised to separate to some extent two proteins which at the same 
temperature are possessed of greatly different reaction rates. 

The existence of an optimum temperature of the reaction, which is 
characteristic of many processes in which proteins in solution are 
concerned, eg. various enzyme actions, and which has even been re- 
garded as evidence of “vital action,” distinguishing these reactions 
from ordinary chemical ones, (Duclaux, 1910) is capable of a simple 
interpretation. In the solution two processes are at work: (1) the 
operations under the influence of the enzyme, and (2) the destruction 
of .the enzyme by water. If the influence of temperature upon the 
velocity of the enzyme destruction is greater than upon the velocity 
of the enzyme action, as the temperature rises, the effect of the 
former, negligible at first, counteracts the latter to a greater and 
greater extent, and a point must sooner or later be reached when the 
rate of destruction is so great that the enzyme action is rapidly 
arrested. 
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ON THE RHYTHMICAL CONTRACTILITY OF THE 
ANAL MUSCULATURE OF THE CRAYFISH AND 
LOBSTER. By F. R. MILLER, BA. M. B., Demonstrator 
of Physiology in the University of Toronto. 


In a recent Paper I mentioned that stimulation of the ventral nerve-cord 
in the crayfish excites rhythmical activity of the anus'. In a second 
brief communication“ the anatomical relations of the anal region were 
described and it was shown that the rhythm is related to the occurrence 
of peristalsis in the intestine. The occurrence of an anal rhythm in the 
crayfish has been noticed by several observers, but, apparently, no one has 
tested the effect on the intestine and anus of electrical excitation of 
the nerve-cord. Bottazzi“ however, found that in Maja and Palinurus 
stimulation of the intestinal nerves caused movements of the intestine 
and anus. Intestinal peristalsis has been studied by Hardy and 
McDougall* in Daphnia and by Ale xandrowiez' in the excised 
Crustacean intestine. 

In the present paper I propose to give the results of some further 
observations both on the crayfish (Cambarus) and on the lobster 
(Homarus). 


Anatomy. 
The innervation of the intestine in the Crustacea was first studied by 
Krohn“ and later by Lemoine’. These observations have recently 
been considerably extended by the work of Police“ and Alex- 


androwies“. 


1 This Journal, xxxv. p. 222. 1907. 
® Amer. Journ. Physiol. XXII. p. xviii, 1909. 
5 Archives Ital. de Biol. xxxvi. p. 60, 1901 and Zeitsch. J. Biol. XIII. p. 868. 1902. 
Proc. Camb. Phil, Soc. vu. p. 41. 1898, 
Jena. Ztschr. f. Naturwiss. xiv. p. 895. 1909. 
ODUober die Verdauwngsorgane des Krebses. Isis v. Oken, 1604, tite by Alexandrowies. 
? Ann. d. Sc, Natur. 5. sér, tx. Zool. p. 99. 1868. 
Mitt. a. d. Zool. Stat. zu Neapel, xix. p. 69. 1908. 
Jena. Ztechr. f. Naturwiss. xiv. p. 395. 1909. 
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The anatomical relations of the regions involved in the case of the 
lobster (Homarus) are shown in Fig. 1. 

The intestine is thin-walled anteriorly (a. i.) while, about the sixth 
abdominal segment, it terminates in a more muscular portion, which I 
shall/hereafter refer to as the “rectum” (rect. Fig.1)., A nerve, the nervus 
intestinalis - posterior (n.i.p.) is given off from the terminal abdominal 
ganglion to the rectum. It divides in a somewhat irregular manner, but 
as a rule three branches may be distinguished two of which are distributed 
anteriorly over the intestine (a.br.) while the other bene posteriorly 
towards the anus (v. br.). Two nerves, the “anal nerves” (an. n), originate 
from the same ganglion and pass backwards to either side of the anus. 
Each nerve sends a number of branches to the posterior portion of the 
rectum (br. an. n.). 


Fig. 1. Diagrammatic representation of the intestine and its nerves in Homarus. a. br. 
anterior branches of nervus intestinalis posterior; a.i. anterior portion of intestine; 
an. anus; an. n. anal nerves; br. au. u. branches of anal nerves to rectum; gang. last 
abdominal ganglion; gl. glandular region of rectum; u. c. nerve cord; u. i. p, nervus 
intestinalis posterior; p. by. posterior branches of nervus intestinalis posterior; rect. 
In order to study the intestinal musculature the intestines of 
Homarus and Cambarus were fixed in Zenker's fluid. Serial sections 
were then prepared and stained with hematoxylin and van Gieson's 
picric-acid-fuchsin, which affords an excellent differentiation, the muscle- 
fibres being stained yellow. 
The anterior portion of the intestine of Homarus (Fig. 2) possesses 
a thin layer of circular muscle-fibres (circ. musc.) and a series of longi- 
tudinal muscular strands irregularly disposed externally (long. musc.). 
A number of large blood-spaces (bl. sp.) are present in this region. 
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Jong. muse. V sp. 


Pig. 2. Transverse section through the anterior portion of the intestine in Homarus 
bl. ap. blood-spaces; circ. musc. circular muscle-fibres ; long. musc. longitudinal muscle- 


Fig. 8. Transverse section through middle of rectum in Homarus. circ. musc. circular 
musele-fibres; long. musc. longitudinal muscle: fibres. 
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At the commencement of the rectum (gl. Fig. 1) the wall is almost 
entirely composed of glandular cells, while cells of similar kind also 
occur in a number of longitudinal folds which project into the rectal 
cavity. The longitudinal muscle-fibres (Jong. muso.) are present in these 
folds and give off branches to the chitin lining the intestine, as shown 
in Fig. 3. 

The circular layer of muscle (circ. suse.) is much thicker than in the 
anterior portion of the intestine, but becomes somewhat thinner to- 
wards the anus. The musculature of the rectum thus differs materially 
in its arrangement from that of the anterior portion of the intestine 
and the mode of connection of the two has not yet been determined. 


Fig. 4. Transverse section through middle of anus in Cambarus. circ. musc. circular 
muscle-fibres; cl. cav. cloacal cavity; rad. musc. radial muscle-fibres; som. musc. body 
muscles; sulc. suleus. 


The musculature of the intestine of the crayfish, unlike that of the 
lobster, presents essentially the same arrangement in all parts, the 
circular fibres being everywhere situated external to the longitudinal 
fibres. In the posterior portion the circular layer is considerably 
thickened and this region is very similar to the rectum of the lobster, 
but the gland-cells, so numerous in the lobster, do not occur in the 
crayfish. Certain differences thus exist between the intestinal muscula- 
ture in the lobster and in the crayfish, but in both forms it is most 
strongly developed posteriorly. Peristaltic contraction waves should, 
therefore, be most readily observed in the posterior portion of the 
intestine of these animals. 

Serial sections through the anal region were also prepared and 
stained with hematoxylin and picro-fuchsin, The appearances as seen 
through the middle of the anal aperture are shown in Fig. 4 The 
cloacal cavity is surrounded by an arch of muscle-fibres (circ. musc.), 


* 
7 
* 
tay 
Pe 
‘ 
> 
~ 4 * 
¢ 
i” 
* 
) 
* 
7. 


ANAL CONTRACTION IN CRUSTACEA. 435 


the continuation backward of the circular coat of the intestine, which 
becomes incomplete below where the anterior end of the anus is reached. 
Ventrally this muscular sheath extends downwards to be attached 
partly to the anal margins and partly to two grooves or sulci in the 
chitin (sulc.) which, in preserved specimens, are seen outside the anus. 
Posteriorly, this muscle layer, after becoming considerably thinner, 
finally disappears. Secondly, there is a system of radial muscle-fibres 
arranged in a dorsal and ventral series of strands on each side of the 
cloaca (rad. musc.) These fibres also extend outwards from the 
intestine before the anus is reached, the dorsal set commencing slightly 
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Fig. 5. Section through anus of Cambarus, parallel to the ventral surface. Chit. chitin of 
body-wall; circ. muse. circular muscle-fibres; cl. cav. cloacal cavity; rad.musc. radial 
muscle-fibres. Posterior portion to left of figure. 


more anteriorly. Posteriorly the differentiation into a dorsal and 


ventral series is not so distinct and the disposition of these fibres 
becomes quite irregular. These radial fibres are attached externally to 
the body-wall, and branching extensively they pass between the Myers 
of the circular coat and the cells of the intestinal epithelium to be 
inserted into the chitin lining the cloaca. A series of sections, through 
the anal region parallel to the ventral surface, was also prepared in 
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order to determine whether or not a sphincter were present. As will 
be noticed from Fig. 5 nothing of this kind existe. 

The radial muscle-fibres here appear as the series of strands already 
mentioned. The entire musculature of the intestine and the radiating 
fibres surrounding the anus present a definite transverse striation. 

The distribution of the intestinal nerves was studied in Homarus 
by the intra-vitam methylene blue method. A 1% aqueous solution 
of Grubler's methylene blue (rectified according to Ehrlich) was injected 
between two of the abdominal segments in amounts varying from 1 to 
3 cc. depending on the size of the lobster, Following the injection the 
animal was allowed to remain in sea-water for half an hour. The ventral 
abdominal wall was then cut. through and the intestine and its con- 
nections with the last abdominal ganglion removed. The intestine was 
opened longitudinally, spread out flat on a slide with its mucous surface 
down, and covered with a glass dish. Complete staining of the nerves 
was found to take place in about two hours. The intestinal nerves are 
widely distributed over the rectum and, after branching repeatedly, they 
end in very fine terminal filaments. 

In order to ascertain whether the branches of the intestinal nerve 
actually supplied the muscle-fibres, pieces of rectum, stained by the 
same method, were fixed in ammonium picrate and then in ammonium 
molybdate and osmic acid, according to Bethe’s method. Sections were 
next prepared and stained with alum-carmine. Examination showed 
the nerves in direct contact with the muscle-fibres, and, although a 
definite type of ending was not observed, there can be no doubt that 
these nerves actually supply the circular musculature of the rectum in 
Homarus. 

The methylene blue method also demonstrated, in the anterior 
portion of the intestine, the presence of a very extensive nerve-plexus 
somewhat resembling Auerbach’s plexus in the vertebrates. Although 
I have not noted anything of the nature of a nerve-plexus in methylene 
blue preparations of the rectum, it seems not impossible, in view of the 
evidence to be given later, that a plexus exists also in this region but 
fails to be stained owing to the thickness of the rectal wall, which 
prevents the ready access of oxygen. 

According to Alexandrowicz (op. cit.), whose results appeared after 
the completion of my own work, the intestinal musculature in Astacus 
and Palinurus is innervated by the nervus intestinalis posterior. Like 
myself, this author was unable to determine the exact nature of the 
nerve-endings concerned and in many respects his observations are 
similar to those made by me in the case of Homarus. 


- — 
: 
‘ 
. 
4 
— 
| 
| 
* | 
* 
* 
79 


ANAL CONTRACTION IN CRUSTACEA. 437 


Experimental Results. 

In the experiments in which the aual movements were simply 
observed and not recorded the crayfish was secured on its back to a 
board, the nerve-cord was exposed just anterior to the last abdominal 
ganglion and stimulated with the interrupted current of an induc- 
torium. As a rule the current was supplied by two dry cells, and the 
position of the secondary coil varied from 10 to 7 cm. 

The appearances observed during stimulation are as follows. The 
anus and cloacal cavity open and a groove appears beside each anal 
margin similar to the one seen in preserved specimens, In an early 
period of stimulation the cloaca remains widely open during the excita- 
tion but the walls of the cavity exhibit slight, rhythmical, closing 
movements which become more complete after cessation of the stimulus 
and give rise to the appearances of the anal rhythm. A typical anal 
rhythm occurs during the actual course of the later excitations, and but 
few contractions follow these stimulations, The normal appearance of 
the anus is not regained after a period of stimulation, for, although the 
walls of the cloacal cavity come into contact, the lips remain separated. 
The contents of the intestine are seen to be expelled during stimulation 
of the nerve-cord. 

Mechanical stimulation of the nerve-cord such as cutting or handling 
causes rhythmical anal contractions, while the application of a single 
induction shock is capable of exciting a brief anal rhythm. Electrical 
or mechanical stimulation of the anus itself also causes a few rhythmical 
contractions. 

I found it possible to record the anal movements by means of a light, 
counterbalanced, straw lever rotating around a glass rod. The animal 
was secured ventral side outwards to an upright board, while a small 
clip connected with the short end of the lever was fastened to the lower 
margin of the anus. The nerve-cord was usually stimulated just in 
front of the last abdominal ganglion although sometimes a position more 
anterior to this was selected. The electrodes were — to the nerve- 
cord and held in position by a support. 

Records of the anal movements in a single 3 are shown in 
Fig. 6. 

The nerve-cord was stimulated for periods of approximately 20 secs. 
During the first period of stimulation a considerable amount of tonic 
contraction is produced, while the rhythmical contractions are repre- 
sented merely by slight oscillations superposed upon the curve of tonus. 
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* The rate at which the contractions occur is 10 in 20 secs. The contrac- 
tions continue after the stimulation for 57 secs., but the intervals between 
them gradually become longer. A number of small contractions occur — 
alternately with the larger ones. 


Fig. 6. Records of anal activity in an experiment on the crayfish (Cambarus). The results 


of the first, sex. Aird, seventh, eighth, and twelfth stimulus are shown. Magnifi- 
cation of lever 10. Time in seconds. 


Following the first excitation the rhythm becomes considerably 
slower and during the second and third periods only 7 contractions occur 
in 20 secs. The rate, however, exhibits but little further retardation 
and continues practically constant during the remainder of the experi- 
ment, as may be seen from the seventh, eighth, and twelfth stimulations, 
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in which it is 6 in 20 secs. The tonus, very evident at the commence- 
ment of the experiment, undergoes a continuous diminution and hence 
the rhythmical contractions become more and more distinct. There is, 
however, no increase in the actual height attained by the individual 
contractions. The contractions, which follow the excitations, constantly 
diminish in number, Thus, after the first stimulation there are 17, 
after the second 7, after the third 5, after the seventh 2, after the 
eighth 1, and after the twelfth 1. 

The experimental results above described are typical of those usually 
obtained. The slight relaxation in tonus seen at the commencement of 
all the stimulations after the first does not, however, occur in the 
majority of experiments. 

The rate of the rhythm is essentially the same in different specimens 
under similar conditions. This may be seen from Fig. 7, which is the 
twelfth stimulation in another experiment. Here also six contractions 
occur in 20 secs. 


Fig. 7. Record of anal activity in a crayfish during the twelfth period of stimulation. 
Magnification of lever 10. Time in seconds, 

Fig. 8. Record of anal activity in the lobster (Homarus), during the seventh period of 
stimulation. Magnification of lever 10. Time in seconds. 


The tracing shown in Fig. 8 represents the fifth stimulation in an 
experiment on the lobster and exhibits the same general peculiarities as 
have been noted in the case of the crayfish. 

By considering the anatomical structure of the anus it is possible to 
explain, although not as yet quite satisfactorily, the rhythmical activity, 
which has just been described. The radiating muscle-fibres extending 
outwards on both sides of the cloaca evidently cause opening of the 
cavity. I have even noted in a thin-shelled lobster, a depression to take 
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place in the chitin at the origin of these fibres corresponding to each 
opening contraction. There is, however, some uncertainty regarding 
the action of the arched muscle-fibres, which, as already mentioned, 
represent a continuation backwards of the circular muscular coat of the 
intestine. It may be that these muscle-fibres contract alternately with 
the radial series. In this case they would cause the closing movements 
which, as already mentioned, become more and more evident during 
successive stimulations. If, on the other hand, the arched and radial 
muscle-fibres contract simultaneously both sets would tend to open the 
cavity. In the absence of a sphincter muscle, the closing movements 
would then necessarily be effected mainly by the elasticity of the 

It has already been mentioned that feces are forced out during the 
anal movements following stimulation of the nerve-cord and it seemed 
most probable that this result depended on peristaltic contractions 
occurring in the intestine. The intestine was therefore exposed by 
removing the dorsal carapace from several of the posterior abdominal 
segments in Cambarus. A brief electrical stimulation of the nerve-cord, 
under these circumstances, is seen to cause the passage of a series of 
peristaltic waves, which are especially evident in the posterior more 
muscular portion of the intestine. 

Some experiments were also made in the lobster. When the 
intestine is exposed while the animal is secured on its back with the 
ventral side up, the hemorrhage is so serious that a satisfactory view 
cannot be had of the different structures, and the animal quickly 
becomes exhausted. The lobster, therefore, was fastened to a vertical 
board with the head end downwards, the abdominal muscles were then 
removed on one side, thus exposing the rectum and a considerable 
extent of the anterior portion of the intestine, while the nerve-cord and 
its intestinal branches were left intact. These procedures result in very 
little bleeding and the intestine and its nervous connections can con- 
sequently be readily studied. 

A brief interrupted current (2 or 3 secs.) applied to the nerve-cord | 
just anterior to the terminal abdominal ganglion causes first a quick 
contraction of somewhat uncertain nature in the anterior portion of the 
intestine. This is immediately followed by a very definite peristaltic 
wave which travels rapidly from the commencement of the rectum 
backwards tothe anus. As soon as this contraction wave arrives at the 
anus the latter opens and the opening is immediately followed by the 
development of the usual anal rhythm. When an interrupted current 
of more prolonged duration (8-10 secs.) is applied a wave of contraction 
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passes down the intestine at the commencement of stimulation and is 
succeeded by anal opening. The rectum remains contracted and the 
anus open during the stimulation, while on its cessation the anal rhythm 
occurs. It seems probable that the contraction occurring in the anterior 
portion of the intestine is really peristaltic in character and that its 
doubtful nature is dependent on the slight development of the muscles 
of the region. The contraction wave in the rectum may develop 
independently of a preceding contraction in the anterior portion of the 
intestine, for the intestine may be divided between the two regions and 
stimulation of the nerve-cord will still cause peristalsis in the rectum. — 

Police“ has shown that the anterior portion of the intestine in the 
Crustacea derives a partial innervation from the visceral branches of the 
cesophageal commissures, and it was possible that when the nerve-cord 
was stimulated the impulses causing peristalsis might be conveyed 
partly by these nerves. Such conduction, if it does occur, can, however, 
be of little importance, since, after division of the cord just in front of 
the last abdominal ganglion, stimulation of the ganglion, of the piece of 
cord still in connection with it; or of the intestinal nerves, causes the 
usual effect on the intestine and anus. The mechanical stimulus of 
cutting the posterior intestinal nerves leads to a similar result, while, 
after their division, the anal nerves alone remaining intact, stimulation 
of the nerve-cord no longer causes peristalsis in the intestine. 

As already mentioned, the branches of the posterior intestinal nerve 
have been followed by the methylene blue method and have been found 
to terminate on the circular muscle-fibres of the rectum. There is no 
doubt, therefore, that they are capable of conducting to this muscular 
layer impulses which give rise to the peristaltic waves described. 

Direct stimulation of the anterior portion of the intestine or of the 
rectum by a brief interrupted current causes the passage of the usual 
contraction wave followed by anal opening, which may or may not be 
succeeded by a rhythm. A greater intensity of current is necessary to 
excite peristalsis by direct stimulation of the intestine than of the 
nerve - cord; thus in one experiment the minimal current for the cord 
was obtained when the secondary coil was at a distance of 9°5 cm., while 
for the intestine the distance was 8 cm. The direct stimulation results 
in peristalsis and anal movements both when the last ganglion and its 
connections remain intact and also after its removal. In the latter case 
the rate of conduction of the peristaltic wave appears to be slower than 
in the former, although accurate comparative measurements have not 
yet been made. | 
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he distribution of the two anal nerves suggested the possibility 
that they might supply the radial muscle-fibres. I have not succeeded 
in settling this point by the methylene blue method, nor have the 
physiological experiments led to a quite decisive conclusion. The 
following results have, however, been constantly obtained. After 
division of the anal nerves, the posterior intestinal nerves being left 
intact, I have been unable to assure myself of any definite difference 
from normal either in the peristalsis in the intestine or in the anal 
rhythm, resulting from stimulation of the nerve-cord. In other experi- 
ments the posterior intestinal nerves were divided so that the anal 
nerves alone remained connected with the last ganglion. Stimulation 
of the cord, which would under normal circumstances lead to an anal 
rhythm (as well as peristalsis), now causes but a single anal contraction. 
Also the stimulus of dividing the cord in front of the ganglion, which 
ordinarily excites an anal rhythm, induces but a single contraction. 
Stimulation of each anal nerve by the interrupted current causes a single 
opening contraction of the anus which appears to be slightly more 
marked on the stimulated side. Dividing each anal nerve also causes a 
single opening movement of the anus, while section of the peripheral 
end likewise brings about this result. In these experiments on the anal 
nerves currents of minimal intensity were used in order to avoid the 
possibility of direct stimulation of the intestine. 

These results seem to indicate that the anal nerves possess a motor 
function in respect to the radial muscle-fibres. They cannot, however, 
represent the main innervation in this connection, since after their 
division, an anal rhythm can still be elicited which I have been unable 
to distinguish from the normal one. Further investigation is therefore 
necessary in order to determine their real function. 


The results of my experiments indicate that rhythmical anal activity 
can be induced by electrical and mechanical stimulation of the nerve- 
cord in the crayfish and lobster. Lereboullet* observed rhythmical 
movements of the anus in young crayfish in which water was taken into 
and expelled from the rectum 15—17 times ina minute. Huxley* was 
unable to verify these results but stated that the rhythm developed on 
destruction of the thoracic ganglia and continued as long as the most 
posterior abdominal ganglia remained intact. He was under the 


* Mém. Soc. @ Hist. nat, de Strasbourg, 1v. 1850 (cited by Huxley). 
* The Study of Zoology, p. 858. 1888. 
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impression that the rhythm is inhibited in the intact animal when it is 
held so that the anus may be examined. 

I myself have not been able to confirm Lereboullet’s results. 
I have observed the animals through the bottom of a glass dish of water, 
and, although a single opening contraction is occasionally to be noted, 
I have never, under these normal circumstances, detected anything of 
the nature of an anal rhythm. Nor does the view of Huxley as to the 
cause of absence of rhythm, when the animal was held, appear to be 
justified. The fact that any form of mechanical or electrical stimulation 
of the nerve-cord causes an anal rhythm indicates that the rhythm noted 
by Huxley depended on the injury resulting from the destruction of 
the thoracic ganglia and not on the cutting off of inhibitory impulses. 
The constancy of the characters of the anal rhythm, as well as the 
regularity with which it may be excited, seems to indicate an inherent 
rhythmical power possessed by the anal mechanism. It is difficult to 
understand, therefore, why the rhythm should not be developed in the 
normal animal under certain special, but as yet unknown, circumstances. 
It is an interesting fact in this connection that the rate of rhythm in my 
experiments (18 per min.) is very similar to that recorded by Lereboullet 
(15—17 per min.) for young animals. 

A relation between anal activity and intestinal peristalsis has also 
been established, It has been shown that the posterior intestinal nerves 
terminate on the circular muscle-fibres of the rectum. Impulses trans- 
mitted by these nerves cause definite peristalsis in the rectum. The 
first opening movement of the anal rhythm is initiated by the arrival 
of a peristaltic wave from the rectum. It appears that the peristaltic 
contractions are conducted to the anus by means of the arch of muscle- 
fibres which represents the continuation backwards of the circular layer 
of the intestine. It has been shown that these fibres probably play some 
part in the rhythmical activity of the anus. I have, however, in the 
lobster observed but one peristaltic contraction which precedes the anal 
activity and have never noted any further peristalsis during the rhythm 
itself. If later peristaltic waves do occur they must be insignificant in 
extent. 

The above facts indicate that a coordinating mechanism must exist 
which controls the activities of the rectum and anus. The fact that 
local stimulation either of the anterior portion of the intestine, or of 
the rectum, after the removal of the last ganglion and its connections, 
results in peristalsis followed by anal activity, leads to the conclusion 
that the mechanism for coordination must be in the rectum itself. As 
already stated the methylene blue method has failed to demonstrate 
the presence of a 9 in the rectum. The ooordination existing 
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between peristalsis and anal activity renders it probable, however, that 


some such nervous mechanism does exist. 

It also appears that the apparatus concerned in the production of 
the anal rhythm is a local one and that it can be set in action by 
impulses transmitted by the branches of the nervus intestinalis posterior 
but not by the anal nerves. —" conveyed by the latter cause but 
a single anal movement. 

Bethe? has described what appears to be a rather interesting analogy 
with the anal rhythm produced in the crayfish and lobster by excitation 
of the nerve-cord. He stated that stimulation of the nerves of Aplysia 
with the faradic or constant current causes rhythmical contractility of 
the lateral musculature. The rate of these contractions is, however, 
much slower than that in the crayfish and lobster. He attributes the 
result to a refractory period in the nerve net-work. I am as yet unable 
to state whether the anal rhythm may be explained in a similar manner. 

The peristaltic contraction waves in Homarus are very similiar to 
those noted by Hardy and McDougall’ in Daphnia during defecation. 
It appears that the circular muscle-fibres are mainly concerned in their 
production, although the longitudinal fibres may also have some share. 

Alexandrowic2’, in a study of the isolated Crustacean intestine, 
observed forward-running contraction waves, which involved the longi- 
tudinal muscle-fibres, and which gradually forced the intestinal contents 
towards the anus. Waves with a similar direction were seen in Daphma 
by Hardy and McDougall and hence may be considered of normal 
occurrence. It seems, therefore, that the intestine of Crustacea is 


capable of both peristalsis and antiperistalsis. 


SUMMARY. 


1. The intestinal musculature in the lobster and crayfish is supplied 
by nerves issuing from the last abdominal ganglion. 

2. The 
fibres. No sphincter muscle is present. 

3. Stimulation of the nerve-cord or of the intestinal nerves causes 
peristalsis in the intestine and rhythmical opening and closing move- 
ments of the anus. 


4, The coordination existing between peristalsis and anal opening 
is effected by a local mechanism. 


5. A local apparatus is also responsible for the production of the 
anal rhythm. 


1903. 
loc. eit. eit. 
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THE QUESTION OF HAMOLYSIS IN THE LIVER’. 
By LEONARD FINDLAY, M. D., Assistant to the Professor 
of Practice of Medicine, Glasgow University ; Dispensary Physician, 
Western Infirmary, and Royal Hospital for Sick Children, Glasgow. 


(From the Physiological Laboratory, Glasgow University.) 


THERE is direct experimental evidence that the liver forms both bile 
acids and bile pigment from hmmoglobin dissolved in the blood plasma, 
but there is, however, no satisfactory proof that the liver itself is 
concerned in setting the hemoglobin free from the red blood corpuscles. 
The evidence which is adduced depends on the relative number of red 
corpuscles and the relative percentage of hemoglobin in the blood of 
the portal and hepatic veins. 

Malassez™ found that the red blood cells were more abundant in 
the hepatic vein. According to Nicolaides”, however, the reverse is 
the case. Nicolaides found that digestion influenced the red cell 
content of the hepatic vein, being lowest at the height of digestion and 
higher and corresponding more closely to the portal vein content after 
starvation, Pflugge “ found that there was no appreciable difference 
in the hemoglobin content of the blood of these two vessels, while 
Drosdoff®, on the other hand, found a greater percentage of homo- 
globin in the portal blood. No observer, so far as I am aware, has 
demonstrated the presence of free hemoglobin in the blood plasma of 
either the portal or hepatic veins. | 

Methods employed by these observers in obtaining hepatic blood: 
Nicolaides states that he obtained pure hepatic blood by ligaturing 
the vein just before it joins the inferior vena cava. I have grave doubts 
however if it is possible by means of a ligature, or at least by a single 
ligature, to separate hepatic from vena cava blood. The radicles of 
the hepatic vein in the dog, cat and rabbit (the animals used by 
Nicolaides), and also in man do not unite to form ultimately a single 


' In aid of above research a grant was obtained from the Carnegie Trust. 
PH. XL. 29 
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trunk, but enter almost at right angles by several openings that part of 
the cava, which lies in close proximity to the posterior part of the liver. 
In the dog and the cat that portion of the vena cava is completely 
surrounded by hepatic tissue, and in the rabbit is so firmly adherent to 
the liver, that it would be an utter impossibility to isolate and ligature 
any branch of the hepatic vein without causing most profuse hemor- 
rhage from the injured liver (see Fig. 1), Hepatic blood may be 
obtained by compressing the vena cava above and below the entrance 
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Fig. 1. Diagram illustrating the anatomical relationships of hepatic veins 


and inf. vena cava. 


of the hepatic veins, but this I find soon causes great engorgement of 
the liver, and if it is continued for more than a short time the results 
are necessarily vitiated. Drosdoff experimented: with dogs and 
adopted the method of obtaining hepatic blood practised by Claude 
Bernard, viz. introducing a long flexible cannula into the jugular 
vein and guiding it along the inferior vena cava into one of the hepatic 
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In view of the above varying results, and also of the doubtful 
nature of the blood considered to be hepatic in nature, it seemed to me 
desirable to make further observations. 

In my experiments I dispensed with ligation of vessels, and at first 
contented myself by incising the vena cava immediately below the 
diaphragm and inserting a specially prepared curved glass pipette, 
which was directed into one of the hepatic veins, its position being 
afterwards confirmed. Not infrequently, however, it was found after 
the completion of the operation that the pipette had continued its 
course along the vena cava, and had slipped past the openings of the 
hepatic veins. When the anatomical relationships are considered one 
sees that this is a not unlikely accident to happen, so that I very much 
doubt if Drosdoff and Claude Bernard really entered the hepatic 
veirs, Consequently it was decided to tap directly a branch of the 
hepatic vein in the liver itself, which after all is the only simple and 
reliable method of obtaining pure hepatic blood. 

The branches of the hepatic vein reach the surface of the liver at 
the angles of the fissures between the various lobes and there is, at 
lea‘t in the cat, invariably one large branch situated in the angle of the 
fissure between the two extreme left lobes. It might seem at first sight 
that some difficulty would be experienced in differentiating between 
the portal and hepatic radicles, but the fact that the larger portal 
branches are superficial and cam always be traced to their origin from 
the main trunk prevents such a mistake being made. So far as the 
above-mentioned branch was concerned it was constantly situated to 
the left of the portal branch in our experiments. The fact that the 
hepatic and not the portal vein had been opened was always definitely 
proved after the operation. Moreover in two instances distinct pulsation 
was observed, which was further proof of the true nature of the vessel 
opened. 

In the majority of instances these were all the precautions taken, 
but in the later experiments, in order to avoid regurgitation of blood 
from the vena cava, that vessel was momentarily constricted between 
the fingers of an assistant, and to guard against the. consequent 
congestion of the liver the portal veim was similarly occluded. In 
addition to examining the portal and hepatic blood, samples were also 
taken from the internal iliac vein in a few instances. 

In all the experiments the red blood corpuscles were enumerated by 
means of the Thoma-Leitz apparatus, Gowers’ solution being used as 
a diluent, and in the majority the amount of hemoglobin was also 
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estimated. In the earlier investigations Sahli's and in the later 
Gowers’ hwmoglobinometer was used. To gain some idea of the stage 
of digestion the leucocytes were as a rule also enumerated. 

Since the prime question at issue in these experiments was evidence 
of hmmolysis in the hepatic veins, samples of blood from each source 
were centrifugalised to see if any free hemoglobin could be detected 
in the serum. Of course it must not be forgotten that hemolysis 
could take place in the liver, and yet, by the complete absorption of 
the hemoglobin, the serum remain clear, but Pfltigge’s results suggested 
that not improbably some hemoglobin would be discovered free in the 
serum, 
The animals used in my experiments were cats: the operation was 
performed under full anesthesia and, with one exception, at the height 
of digestion after a meal of fish, before which the animal had no food 
for a period of twenty-four hours. 

‘The Table gives in a concise form the particulars and results of 
each experiment; it will be observed that the results are entirely at 
variance with those of Nicolaides and support the earlier results of 
Malassez, 


SUMMARY OF RESULTS AND CONCLUSIONS. 


In eight of the eleven cases the red cells were more numerous in the 
blood from the hepatic vein: in two of the cases the red cell content 
of the hepatic and portal blood was practically identical, while in one 
case the hepatic blood gave a lower count than the portal blood. 

Out of nine cases the percentage of hemoglobin was in five greater, 
and in two cases less in the hepatic than in the portal blood, while in two 
cases exactly similar estimations were obtained. 

In four cases tested for the presence of free hemoglobin in the serum 
a negative result was obtained. 

These data, although they do not show an absolute uniformity, are 
sufficiently in harmony to justify the following conclusions. 

1. The blood of the hepatic vein as a rule contains more red blood 
corpuscles per cubic millimetre than that of the portal vein. This is 
probably to be accounted for by concentration through lymph formation. 

2. The hemoglobin, like the red cells, is usually more abundant in 
the hepatic than in the portal blood, the increase being roughly 
proportionate to the increase in the corpuscles. | 
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3. In no instance was there detected the slightest trace of free 
hemoglobin in the serum of hepatic blood. 

4. Examination of the blood with reference to the number of red 
cells and amount of hemoglobin going to and coming from the liver 
does not justify the conclusion that hemolysis takes place in the liver. 
5. Much of the work done on the composition of the blood from 


the hepatic vein is of questionable value, vers to the faulty methods 
used i in obtaining the blood. 


My thanks are due to Prof. D. Noél Paton in whose laboratory 


the work was carried out, and to whom I am indebted for much help 
and advice. 
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THE TRANSFORMATIONS IN THE FATS IN THE HEN’S 
EGG DURING DEVELOPMENT. By ELIZABETH C. 
EAVES, 


(From the Institute of Physiology, University College, London.) 


Ir was found by Plimmer and Scott” that during the development of 
the chick from the egg very marked changes occurred in the distribution of 
the phosphorus compounds, especially in the ether soluble (“lecithin”) 
bodies. Thus, for instance, the ether soluble bodies in the egg make 
up 65% of the total phosphorus, whereas in the chick they make up 
only 20°/,, and the inorganic phosphates change from traces in the. egg 
to 60°/, in the hatched chick. Since the ether soluble bodies are 
composed mainly of fatty acid, marked changes would also be expected 
to oceur in them, and at the suggestion of Dr Aders Plimmer an 
examination of the fats in the developing egg and chick has been made. 
The only. previous work on this subject seems to be by Parke h in 1866 
who noticed that the amount of fat in the egg yolk diminished during 
development ; no investigations were made as to the chemical nature of 
the fat. 

The method adopted was as follows:—A large number of eggs were 
incubated, and at the various stages of development the yolks were 
separated from the chicks. No separation however was practicable 
until the tenth day of incubation and again at the 19th day and later. 
Generally six eggs were used at each stage of the incubation, but where 
the yield of fat from the chicken was small, as in the 10th and 13th 
day, nine eggs were used. The chickens were finely minced up, and 
extracted in the extraction apparatus, previously described by Plimmer 
and Scott, first with absolute alcohol, and then with water free ether. 
The yolks were coagulated with absolute alcohol, and then treated in 
a precisely similar fashion. The alcoholic extracts were evaporated 
completely to dryness, and the residue dissolved in water free ether. 
Varying amounts of a brown substance very soluble in water remained 
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behind, and was filtered off. The ether was evaporated off, and the fat 
dried in a vacuum desiccator over sulphuric acid, when its weight was 
determined, The dry fat was then dissolved in a definite quantity of 
ether and an aliquot part was used for the determinations of the iodine 
values which were carried out by Wijs method. The various samples 
of fat were also examined for the presence of volatile fatty acids by the 
Reichert-Meissl method but no appreciable amounts were found at any 
stage of incubation. The amount of fat per egg and its iodiue vulue 
are given in the following table 


Amount of Fat in grm. Todine Valve 


No. of days Fon Chicken Yok Chicken 
of incu — Total 
0 6839 6-839 70°56 
5 Greater part lost 66-7 
10 5°445 0°165 561 64°5 59°4 
18 5°184 0°1445 5-329 469 611 
15 4°6419 0°7145 5°356 89 72 
17 99814 904 4°835 43°7 88°8 
19 8 °687 3°687 70°9 
Hatched 3°5 66 


It is seen that the quantity of fat in the yolks decreases and 
simultaneously increases in the chickens, The increase in fat in the 
chickens did not however correspond.with the loss from the yolk, This 
fat is presumably used to furnish energy. Bohr and Hasselbalch®” 
have shown that the respiratory quotient of the developing chick is low 
corresponding to the utilisation of fat, and that from the ninth day of 
development the output of carbonic acid is equal, weight for weight, 
to that of a fully grown bird. , 

This vigorous oxidation of fat is accompanied by changes in its 
composition as shown by the iodine values. The investigations of 
Henriques and Hansen“ have shown that the iodine value of the fat 
from the hen’s egg depends to a large extent on the nature of the food 
of the hen. The eggs used in these experiments were obtained from 
hens fed on the same food, and the iodine values of the samples of fat 
from different eggs did not show great variations, thus the values found 
were from 68 to 75, the average being 70°5. 

During the first ten days the iodine values of the yolk fat did not 
vary much; it decreased from 70 to 64. After this there was a marked 
decrease, the value fell from 64 to 43°7. The iodine value of the 
chicken fat was at first low, 594 to 61-1. This may be due to the 
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of other substances in the fat obtained ; in the early stages the 
amount of fat extracted was very small, and it contained a relatively 
large proportion of the brown substance which is very soluble in water 
and insoluble in water free ether, but soluble in wet ether; this brown 
substance is probably glycerol and glycerophosphoric acid. As develop- 
ment proceeds the jodine value rose and after the fifteenth day was 
considerably higher than that of the fat from a fresh yolk. Just as in 
the case of the phosphorus compounds the most marked changes occur 
between the 13th and 20th days, the maximum being reached just 
before the chick is hatched. 

The decrease in the iodine value in the yolk fat is suggestive of a 
primary absorption of the less saturated fats with a subsequent equal 
absorption of saturated-and unsaturated fat. The increase in the 
iodine value of the chicken fat points to a desaturation of the absorbed 
fat. The results thus correspond with those of Leathes® who found 
that the fat in the connective tissues consisted of unchanged food fat, 
whereas the fat in the working organs, especially the liver, consisted of 
fat with a higher iodine value than the deposited fat, de. was less 
saturated. They also strengthen his theory that the formation of 
double linkages is the first step in the oxidation of fat. The loss of 
fat during the development shows that a vigorous oxidation was taking 
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PERIODIC BREATHING AT HIGH ALTITUDES. By 
© GORDON DOUGLAS, B. M., Fellow of St John's College, 


In a recent communication by Dr Haldane and myself it was shown 
that a short period of breathing of the Cheyne-Stokes type ensued when 
breathing was resumed after a prolonged apnoea induced by previous 
forced breathing. The explanation then advanced, which followed 
along the lines of the work of Pembrey and Allen on pathological 
Cheyne-Stokes breathing“, was that the periodicity was due to the 
periodic ocetrrence and disappearance of the indirect excitatory effects 
of want of oxygen on the respiratory centre. In those experiments the 
primary cause of the want of oxygen was the fall of oxygen pressure in 
the air in the lungs during the apnoea, and it seemed certain that if the 
subject breathed an atmosphere containing oxygen at a lower pressure 
than the normal when the respiration was resumed at the close of the 
apnœie period the periodicity would be manifest for a much longer time, 
and might easily be rendered permanent if the oxygen pressure in the 
atmosphere was brought sufficiently low. Under such conditions it 
would be possible to make a far more detailed investigation of the 
alveolar air while the periodic breathing was in progress, 

An invitation to join the International Committee for the study of 
the effects of high altitudes and solar radiation, which spent a part of 
March and April of the present year upon the Peak of Teneriffe, afforded 
me the opportunity for undertaking work along these lines. 

For the purpose under discussion it is manifestly of greater advantage 
to make use of high altitude as a means of obtaining low oxygen pressure 
in the air breathed than to employ a chamber in which the subject can 
be exposed to diminished atmospheric pressure, since it is possible under 
those circumstances to live comfortably for any length of time at 
the desired atmospheric oxygen pressure and make certain that the 

1 This Journal, xxxvmt. p. 401. 1910. 
* Medico-Chirurgical Transactions, xu. p. 49. 1908. This Journal, XxxII. p. xviii. 1905. 
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regpiratory equilibrium for that situation is maintained en the 
experimental period. 

As a preliminary numerous b were made in England of 
the alveolar air at rest during the month preceding the departure of the 
expedition. This served to establish the normal alveolar pressure of 
carbonic acid! and oxygen at sea level (the analyses were made at 
Oxford), and showed the normal variations of the respiratory quotient 
when calculated from the composition of the alveolar air. All the 

respiratory quotients given in this paper have been corrected for the 
alteration in volume of the expired as contrasted with the inspired air. 
A few records were also taken at the same time of the periodic 
breathing following apnoea induced by forced breathing for one minute 
or two minutes, and showed that the duration and type of this were 
practically identical with those of the experiments made a year previous, 
that is after eight or nine periods the breathing became perfectly regular 
again. No alveolar air determinations were made during the voyage 
(March 1319), but these were resumed on the arrival at Teneriffe and 
were then made daily, care being taken that no muscular exertion 
preceded the taking of the samples. 

After spending a week at Orotava (altitude 300 ft.) we proceeded on 
March 26 to the Meteorological Observatory, Las Canadas, at an altitude 
of 7000 ft. On the morning of April 5 the ascent of the Peak was 
continued to the Alta Vista hut, altitude 10,700 ft., where four days 
were spent, the return to the Observatory taking place on the evening 
of April 9. After spending a further two days at the Observatory we 
descended to Orotava on April 12. 

The observations recorded in this paper were all made on myself, the 
subject of many of the earlier experiments made with Haldane. 

The results of the alveolar air determinations made at rest by 
Haldane’s method are given in Table I. 

Each result expresses the mean value for alveolar samples taken at 
the end of inspiration and of expiration. It is unnecessary to discuss 
the figures here as they show the same characteristics as those previously 
obtained by Ward on Monte Rosa’ and by Boycott and Haldane? in 
the pneumatic chamber by the same method, as well as by other workers 


1 It may be noted that the mean normal alveolar tension of carbonic acid in C. G. D. 
during Nov. 1908—Feb. 1909 was 39°75 mm., or 1 mm. lower than the tension in 
February and March, 1910. | 

* This Journal, XXVII. p. 878, 1908. 

This Journal, xxxvu. p. 855, 1908. 
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TABLE I. 


Date CO, 05 Harometer Quotient 
Feb. 7 89°8 — 750 — \ 
8 42˙1 — 752 — 
9 40-4 — 768 — 
15 416 — 736 — 
18 40˙3 — 745 — 
19 41:2 786 0°76 
21 39˙8 96°1 743 0-76 
25 - 407 100-5 748 0-85 England. 
27 100-1 756 0-81 
28 400 97°6 750 0-77 
March 2 40°75 102°8 762 0°84 
4 41-6 102˙1 759 086 
7 41˙9 98°5 763 0-78 
9 41-0 97-5 756 0-77 | 
40°8 98°7 Mean for England before start, 
21 411 — 758 — 
22 421 — 758 — 
23 416 — 760 — Orotava, sea level, 
24 41˙1 — 760 — 
25 40°7 — 758 — 
— Mean for Orotava before ascent. 
26 40°5 — 600 — Three hours after ascending to 
Meteorological Observatory. 
26 87°23 — 600 — Three hours after last. 
27 86-4 740 601 0-84 
28 36˙4 73°83 601 0-82 
29 36˙8 69°5 600 0-75 
80 86-4 72˙3 596 0-82 ‘ 
21 858 
April 1 36-0 72˙8 600 0-82 
2 36˙1 71˙2 600 0-77 
3 35˙5 733 601 0-79 
4 869 69-4 601 0-75) 
36°83 Mean for Observatory before 
ascent to Alta Vista. 
5 33˙3 — 524 — Six and a half hours after 
reaching Alta Vista. 
6 819 61:8 524 0-80 
7 88°3 58°5 524 0°77 
8 B04 618 50 «7.80 a.m. 
8 82-0 — 520 — 7.80 p. m. 
62-2 52008 
61-1 Mean for Alta Vista. 
10 83-6 72-8 602 0-78) Meteorological Observatory, 
11 34˙2 73°5 602 . 76 after return from Alta Vista. 
16 39-6 — 761 
17 41-1 — 761 — Orotava. 
18 39˙8 — 761 
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who have employed different methods'. Suffice it to draw attention to 
the progressive diminution of the alveolar CO,-pressure with increase of 
altitude, and the rapidity with which the CO,-pressure attains a constant 
value for any particular altitude. Simple calculation will show that 
were it not for the slight hyperpncea which leads to the depression of 
the CO,-pressure, the O,-pressure would have been about 66 mm. at the 
Observatory and 50 mm. at Alta Vista instead of 72 and 61 mm. 
respectively. 

This depression of the alveolar CO,-pressure furnishes evidence chat 
want of oxygen acting through the formation in the tissues of lactic acid 
has even at rest begun to affect the respiratory centre, and that the 
threshold exciting value of CO,-pressure has therefore been lowered. 
We may still however assume that at rest while the breathing is 
regular the important factor concerned in regulating the rhythm of the 
respiration is CO, pressure: the lactic acid which is present merely 
serves to assist this in its action on the respiratory centre, and its 
influence is probably constant as well as slight. It is important to 
recognise this fact when we refer subsequently to the normal values for 
the alveolar pressure at rest at the different altitudes and compare them 
with the pressures which are found during the periodic breathing. 

The experiments upon periodic breathing were made at the 
Meteorological Observatory and at Alta Vista. The procedure was 
practically identical with that employed by Haldane and Douglas, 
two, or in some cases three, gas analysis apparatuses fitted with alveolar 
air pipes being placed immediately in front of the subject, so as to obtain 
the air samples at any desired point in the experiment with the least 
possible disturbance. The oxygen necessary in some of the experiments 
was made in Hill’s oxygen bag from oxylith*, Mackenzie’s polygraph 
proved particularly useful when taking quantitative records of the 
respiration on account of the clearness of its records and its small size 
and portability. At each experiment the subject breathed moderately 
forcibly for one minute and thereafter allowed the breathing to follow 
its natural course. The forced breathing was followed by apnea of 
somewhat under one minute’s duration, after which the respiration 
showed a well-marked periodicity, the periods of breathing exhibiting 
the waxing and waning character of typical Cheyne-Stokes breathing. 
It will be best to take the details of the experiments made at the 
Observatory first of all and subsequently those at Alta Vista. 


? Of. Zunts and others. Hdhenklima und Bergwanderungen, p. 321. — 1906. 
* British Medical Journal, p. 1622. 1909. 
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On making the first experiment at the Observatory, it was at once 
obvious that the periodicity shown by the respiration was of far longer 
duration than was the case at sea level. As a general rule some twenty- 
five distinct periods were shown before the normal continuous breathing 
was resumed. At the commencement of the periodie breathing the 
periods of respiration were short and of apnœa fairly long, and, speaking 
generally, as the breathing progressed the breathing periods got gradually 
longer and the apneic periods shorter until the last two or three periods 
could only be distinguished by a diminution of the amplitude of the 
respirations and not by complete cessation of the breathing. In any 
individual experiment there was a good deal of variation in the actual 
lengths of the periods of breathing and of apnoea even when these 
periods were near one another, but this is easily to be understood since, 
whatever else may happen, the degree of distension of the thorax at the 
moment when apncea commences must influence the duration of that 

Alveolar samples were taken at the commencement of a number of 
these periods at the moment when the — desire to breathe was 
felt. The results a are given | in Table II. 


TABLE II. 
Pressure of gases in mm. Hg. . 
breathing 60, Oy “00, . Quotient 
7-03 9-00 89°0 49-8 0-581 
7°05 9°07. 39-0 50-1 0-537 
6°87 9-69 38-1 53˙6 0-558 
721 10-22 40-0 566 0-619 
7-05 10-00 39-0 55˙3 0-589 
7°34 10°41 40°6 57°7 0°646 
8 7-02 9-74 88:1 58-9 0°571 
11 7˙42 10˙40 41˙1 57˙4 0-654 
12 7:30 10°65 59-0. 0-659 
7°52 10-57 41-7 0-676 
17 7:80 10°84 40-4 60-0 0-678 
1 19 6-98 ‘11-75 38-6 65-0, 0-714 
6˙79 11-88 37°6 
6-70 12-24 37-1 67°7 0727 
6-54 36˙2 1299 0610 
Normal 6˙56 18°01 36-3 719 
At the end of 
breathing period 
5 5-64 13-07 31˙2 72˙ 6 0˙666 
5°85 18°83 73°8 O75 
18 5:88 14-23 32 ·5 78-7 0-850 
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It will be seen that when the breathing recommenced at the end of 
the primary apnosa the alveolar O- pressure hed fallen from the normal 
for this altitude of about 72 mim. to 49°8 mm., whilst the CO, pressure 
was 39 mm., a pressure that is of nearly 3 mm. above the normal. At 
the commencement of the succeeding breathing periods the alveolar 
Or pressure showed a steady progressive rise, and the CO,-pressure a 
similar rise to a maximum at the beginning of the 15th period followed 
by a regular fall until, in the last result given, both CO,- and O,-pressure 
gave values identical with the normal. After the 24th period there 
were no further periods of complete apnea. The samples for periods 
25 arid 27 were taken when the respiration was felt to increase after a 
period of diminution of amplitude. 

The factor which determined the onset of apnoea is quite evident 
from the analyses of alveolar air taken at the termination of the 
breathing periods 5, 9 and 13 which are inserted in Table II. From 
these figures it is at once apparent that the period of breathing has 
reduced the alveolar CO,-pressure well below the normal stimulating 
value for this altitude while the alveolar O,-pressure has been raised up 
to or even above the normal. There is therefore no longer sufficient 
stimulus to the respiratory centre and apnœa must consequently ensue. 

The factors which rouse the centre into activity again at the end of 
an apnosic period are not quite so obvious. At first sight it appears 
that it requires a higher pressure of carbonic acid to stimulate the 
respiratory centre during the periodic breathing than is the case when 
the breathing is regular and that notwithstanding the lowered 
O,-pressure. In order to decide the part played by the deficiency of 
Or pressure, the subject took from one small breath to three moderate 
breaths of oxygen at the termination of one of the periods of breathing 
and took an alveolar sample at the. commencement of the succeeding 

period of breathing. 

The results are given in Table Ul. and show that as the alveolar 
Or pressure is raised, the alveolar CO, pressure at the moment when the 
stimulus to breathe is felt rises as well, though this progressive increase 
of CO,-pressure ceases or is very slight when the alveolar O,-pressure 
rises above the value of about 70 mm. of mercury. In the absence of 
deficiency of oxygen the stimulating alveolar CO,-pressure during the 
periodic breathing is therefore some 10 mm. higher than its normal 
value for this altitude. 

It is quite evident that we are here dealing with an exigherition of 
the effects following on forced breathing which have been described by 
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Haldane and Douglas previously’. The explanation of the high 
alveolar CO,-pressures then observed will also serve in the present 
instance, namely, that after the reduction of the CO,-pressure in the 
respiratory centre by the forced breathing, it requires time for the 
resaturation with carbonic acid to take place: that is to say, that the 
CO, pressure in the centre lags behind that in the alveolar air“. 


TABLE III 
a Pressure of gases in mm. Hg 
“fo of gaace in dry 
— — 
CO, 07 CO, 07 
6°77 858 37°5 
6 7°42 901. 41˙1 49°9 
6 719 9°38 89°8 52˙0 
5 740 9-18 41-0 
6 7-62 995 . 41°6 55˙1 
9 7°53 10°14 417 56°2 
8 7°42 10-23 41˙1 56˙6 
5 781 10°70 43°3 59°3 
10 8-00 11-21 44°3 62-1 
6 752 11°78 41°6 
9 8°19 12°11 45°3 67-0 
9 783 12°19 48-4 67°5 
7 8-12 13°62 44-9 75˙4 
9 7˙81 16˙24 48˙2 89°8 
10 8°24 16°35 45°5 90°5 
12 8°18 21-72 45°2 120-0 


Two further and very important factors come into play in this 
connection. Time is required (1) for the CO, pressure in the air 
contained in the lungs to mount up to its normal stimulating value for 
this altitude after the depression in a breathing period, and (2) for the 
blood having this CO,-pressure to reach the respiratory centre, a matter 
of several seconds, during which time the pressure of carbonic acid in 
the alveolar air must rise above that value. These two latter factors 
must become. of increasing and of perhaps overwhelming sous 
importance when the periods of apna are short. 

Now the moment that the CO,-pressure plus the acid products of 
oxygen deficiency (lactic acid) in the respiratory centre attain their 
stimulating value the CO,-pressure in the alveolar air is considerably 
higher than in the centre, and though with the onset of the breathing 

1 Loe. eit. p. 404. 


to this ag in the respiratory contre ste also this Journal, 
p. 420. 1909. 
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the alveolar CO,-pressure will fall and the O,-pressure will rise rapidly, 
it takes some seconds for the better aerated blood to reach the centre, a 
delay which is evidenced by the respirations waxing into hyperpncea. 
Again when CO,-excess and O,-deficiency have been relieved in the 
blood passing through the respiratory centre, the centre will require a 
certain time to attain equilibrium with that blood and the cessation of 
the breathing will therefore be gradual not sudden. 

It will be seen that one minute's forced breathing was not sufficient 
at this altitude to lower the general level of carbonic acid throughout 
the body to such a point that oxygen want' became a permanent factor 
in the regulation of the rhythm of the breathing. The respiratory 
quotient at the end of the primary apnœa was 0°53, indicating that a 
good proportion of that carbonic acid which would have left the body 
under normal circumstances was being retained to make good the 
deficiency resulting from the excessive ventilation of the lungs during 
the foreed breathing. In the successive periods the respiratory quotient 
shows @ regular increase to attain a perfectly normal value when the 
breathing becomes regular. This shows that the hyperpnewa during 
the breathing periods was not sufficiently pronounced to prevent the 
_ gradual accumulation of the carbonic acid in the tissues up to its normal 
amount, in other words the stimulus due to the artificially induced want 
of oxygen was not sufficiently powerful to ensure a permanent lowering 
of the CO,-pressure in the body. As would be expected, the respiratory 
quotient at the end of the breathing periods showed a much higher 
value than at the beginning of corresponding periods, for the hyperpuca 
will increase the output of carbonic acid but make no appreciable 
difference to the oxygen intake. 

Attention has already been drawn to the progressive rise of CO,- 
pressure in the alveolar samples taken at the beginning of the breathing 
periods up to the 15th period and the gradual fall which ensues after 
this. Two conflicting factors must here be at work. In the earlier 
stages as the O, pressure rises the stimulus due to its deficiency will 
lessen and it will therefore require the help of a higher pressure of 
carbonic acid to excite the respiratory centre. Then, as the O,-pressure 
continues to increase, the want of oxygen stimulus falls into the back- 
ground and CO,-pressure becomes more and more the prominent factor, 
whilst the CO, pressure in the tissues generally is slowly rising. The 


1 It has been assumed throughout this paper that deficiency of oxygen stimulates the 
respiratory centre indirectly through the action of lactic acid or other products of in- 
complete oxidation in the tissues, — 
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breathing periods will get longer and the apneic shorter, for a 
hyperpnœa of short duration cannot produce any great lowering of the 
CO,-pressure in the blood. With this alteration in the length of the 
periods the alveolar CO,-pressure will fall until, as the breathing 
resumes its regular character, the pressure attains without oscillation 
its normal value. 

It should be noted that all the figures given in Table III are derived 
from analyses made between the 4th and 10th periods, with the 
exception of the last which was made at the beginning of the 12th 
period. There is one interesting point in these figures. If they are 
compared with those given in Table II as far as the 15th period it will 
be seen that in the majority of instances at corresponding O,-pressures 
the alveolar CO,-pressure is higher in the oxygen series. It looks 
therefore as though the small amount of oxygen taken under these 
circumstances at the end of a period of breathing enabled the respiratory 
centre to withstand a rather higher CO,-pressure. Possibly the slight 
rise caused by this means in the O,-pressure of the blood passing to the 
centre leads to a more effective oxidation of the abnormal acid products 
in that centre and the alveolar CO,-pressure has therefore to rise higher 
before its stimulating value is reached. It must be remembered 
however that the method of taking the oxygen was to take one or more 
breaths of the gas at the close of a breathing period, at a time that is 
when the respiration would have ceased if left to itself. This procedure 
would of itself tend to keep up the O,-pressure in the alveolar air and 
blood for an unusual length of time, allowing therefore a longer period 
for the elimination of the products of incomplete oxidation without 
affecting materially the general CO,-pressure. In connection with this 
question of effect of oxygen it must be borne in mind that throughout 
all these experiments there was ample evidence that the body was 
affected, quite apart from the periodic breathing, by the lowered 
atmospheric pressure of oxygen—the depression of the normal alveolar 
CO,-pressure at rest shows this—and that there is therefore a likelihood 
that the phenomena of complete and incomplete oxidation will be more 
marked than at normal barometric pressures. 

Turning now to the results obtained at Alta Vista, the most obvious 
thing was the extreme prolongation of the duration of the periodic 
breathing. Thus in one instance, after one minute's forced breathing 
and a primary apnoea of 53 seconds, the periodic breathing continued 
for 143 minutes, during which time there were 42 breathing periods 
and as many intervals of true apnea. At the end of this time the 
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experiment was brought to a close, though there was no indication from 
the record that the periodicity was going to cease in the immediate 
future. The periodicity ceased, as in all of the other experiments 
described in this paper, as soon as the metabolism was increased by 
walking about. Table IV gives the number of breaths in each breathing 
period and the duration in seconds of these periods and of the periods of 
apnoea in this experiment. 


TABLE IV. 
No. of No. of seconds No. of No. of 2 
Primary apnosa 53 8 11 9 
1 6 15 12 x 
6 9 12 7 11 10 
6 10 12 25 8 18 10 
5 9 12 8 13 10 
5 7 11 05 8 10 11 
6 10 12 8 11 11 
7 11 10 7 10 14 
7 11 18 80 8 12 9 
8 ll 12 7 11 7 
10 7 11 10 8 12 9 
8 12 10 7 12 10 
8 12 10 8 11 10 
8 11 12 35 8 12 8 
8 12 11 8 12 9 
15 8 11 12 9 12 10 
8 11 10 8 11 9 
8 12 9 8 11 10 
Re 12 8 40 8 12 6 
8 12 10 8 11 6 
20 8 12 90 7 11 
8 11 9 


It will be seen that the length of the breathing periods increases 
from the start for a time and that of the apnœie periods diminishes 
while the actual number of breaths increases, but that at or soon after 
the 10th period all the values beconie practically constant until the end 
of the experiment. The extra duration of the 39th apnaic period was 
due to the chest being kept somewhat fuller than usual of air so as to 
ensure a good alveolar air sample at the end of it. It is possible that 
the shorter duration of apneic periods 40 and 41 is due to the 
disturbance caused by taking the alveolar air sample at the beginning 
of the 40th period. The record resembled throughout in its form 


typical pathological Cheyne-Stokes breathing. 
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In Table V are given the analyses of alveolar air samples taken at 
the beginning or end of some of the breathing periods. 


TABLE V. 
Pressure of gases in mm. Hg. 
‘reathing period OD 05 005 0. Quotient 
1 6°45 8°28 80-5 89°2 0-451 
5 714 9°19 83°8 0-551 
10 7-49 10-02 854 474 0-638 | 
15 758 10°56 35˙9 50-0 0-681 . 
19 7-28 11-18 84-4 52-7 0-695 
24 7°46 11°18 85°38 52˙9 0-687 
80 7-21 11-01 52:1 0-677 
40 7°87 10-72 84-9 50˙8 0-672 
Normal 671 12°88 61-1 
At the end of 
breathing period 
19 6-09 18°61 28°8 64°5 0-796 
27 5°99 18°74 28 ˙4 65˙0 0-797 | 
The general course of events, it will be seen, is very much the same 


as at the lower altitude. In the present instance however the alveolar 
CO,-pressure and O,-pressure never reached their normal value for this 
altitude, for the periodic breathing did not terminate during the period 
of observation. As before the alveolar O,-pressure at the beginning of 
the breathing periods rises steadily from the start but attains a constant 
value about 10 mm. below the normal for this altitude. The alveolar 
CO,-pressure rises to a maximum at the 15th period and then falls 
slightly to maintain a constant level to the end, a level which is some 
3 mm. above the normal. It will be noted that these changes in the 
composition of the alveolar air correspond approximately to the changes 
in the duration of the periods to which attention has already been 
drawn. While the periods are showing distinct alteration in length and 
number of breaths the alveolar CO,-pressure is rising to its maximum 
and the respiratory quotient is rising: when the duration of the periods 
becomes constant the alveolar air at the commencement of a breathing 
period is found to have a constant composition, and the respiratory 
quotient becomes almost constant too, though at a level which is 
distinctly below normal. 7 
From the analyses then as well as from the record it would seem : 
that to all intents and purposes a condition of permanent periodic 
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breathing had been reached, permanent that is provided that the 
metabolism was not raised in any way, for during the experiments the 
subject remained sitting on a chair, keeping himself in as complete a 
condition of rest as circumstances would permit. 

There is no need to dwell on the earlier stages of this periodic 
breathing for the changes have been fully discussed in the previous 
example. The peculiar point of interest now centres in the periods 
later than the 15th, when an equilibrium seems to have been reached. 
Here again the cause of the apncea is not far to seek, for the analyses 
at the end of periods 19 and 27 show that the breathing periods 
immediately preceding them have sufficed to lower the alveolar CO,- 
pressure below its normal stimulating value for this altitude, while the 
alveolar O,-pressure has been raised well above normal. The part 
played by deficiency of oxygen was demonstrated by inhaling a 
variable amount of oxygen at the ends of periods 20 and 25, alveolar 
air samples being taken at the beginning of periods 21 and 26. The 
results are given in Table VI. 


TABLE VI 
Pressure of gases in mm. Hg 
At the % of gases in alr 
taken at end A = — 
00, 0, o, 05 
21 7°49 12°27 35˙4 58°0 
21 7°76 12°48 86-7 59°0 
26 7°83 13°98 870 65°9 
21 8°32 14°60 39°4 69°1 
26. 8°26 16°22 89°1 76°8 
26 8°38 18°38 39˙6 87-0 


It is evident from the figures that when deficiency of oxygen is 
avoided the stimulating pressure of carbonic acid may rise 74 mm. 
above the normal value. Apparently then the centre is still reacting 
to a double stimulus—the indirect action of oxygen deficiency plus 
a certain pressure of carbonic acid. 

When the permanent condition of periodic breathing is reached it 
would seem probable that the lag of the CO, pressure in the centre 
behind that in the alveolar air is in the main due to the time taken 
to raise the CO,-pressure in the air in the lungs up to its stimulating 
value after the breathing period and the necessary additional: delay 
before the blood having this CO, pressure can reach the centre, the 
rate of COrsaturation or desaturation of the centre itself being 
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trifling in comparison. Some support is lent to this view since the 
alveolar CO,-pressure oscillates during each period about an equal 
distance on either side of the normal resting value for this altitude. 

With regard to the behaviour of the respiratory quotient the 
figures show that this is lower than normal at the beginning of a 
breathing period and has a much higher value at the beginning of an 
apnosic period. This we may presume to be due to the effect of the 
hyperpnca of the breathing period upon the general CO,-pressure of 
the body. During the breathing period carbonic acid is being washed 
out of the body without corresponding increase of oxygen consumption, 
and the respiratory quotient is therefore raised. During apnoea oxygen 
consumption continues as before but some of the carbonic acid is 
retained in the body to make up for the deficiency caused by the 
preceding hyperpnœa with lowering of the respiratory quotient. 

The Alta Vista results show that when an extra deficiency of 
oxygen was created artificially (apnoea after forced breathing) the 
ensuing periodic breathing was not able with the atmospheric oxygen 
pressure then prevailing to diminish the stimulus due to the indirect 
action of want of oxygen (production of lactic acid) on the respiratory 
centre to such a level that the general CO,-pressure of the body could 
rise to a point identical with its normal stimulating value at that 
altitude. Want of oxygen then has become a permanent factor in the 
immediate regulation of the rhythm of the respirations. The carbonic 
acid is present of course, but it cannot of itself stimulate the respiratory 
centre for its pressure in the centre is too low. 

It may be well to recapitulate here the explanation of this 
artificially induced periodic breathing which would seem best to fit 
in with the observed facts. At the end of apnea which follows upon 


a short period of forced breathing the respiratory centre is roused into 


activity by a combination of two stimuli neither of which is alone 
effective. These are (a) the products of incomplete oxidation in the 
respiratory centre or in the tissues generally and (b) a certain pressure 
of carbonic acid in the centre which is below the normal stimulating 
value, for when the breathing begins oxygen pressure in the alveolar 
air is very low and, though the alveolar CO,-pressure may be above 
normal, there is reason to believe that the CO,-pressure in the 
respiratory centre is below that value, for the CO,-pressure in the 
centre, after its depression by the forced breathing, lags for several 
reasons behind the rising pressure in the alveolar air. With the onset 
of the breathing the CO,-pressure in the alveolar air is depressed 
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below its normal stimulating value for the particular altitude at which 
the experiments are made while the O,-pressure runs up rapidly owing 
to the high percentage in the atmosphere, oxygen-want being thereby 
eliminated. As there is now no stimulus to the respiratory centre 
apnea will ensue and will not terminate until O,-deficiency and 
CO,;pressure reach their combined stimulating value again. With 
a sufficiently low pressure of oxygen in the atmosphere the stimulus 
due to deficiency of oxygen is never eliminated for long enough by the 
breathing periods to allow the general CO,-pressure of the body to 
recover completely from the initial depression by the forced breathing 
and the periodicity of the breathing becomes permanent. At normal 
barometric pressures however this is not the case and the periodicity 
persists for but a short time. With intermediate pressures of oxygen 
the duration of the periodicity varies with the pressure, the lower the 
pressure the longer time elapses before normal regular breathing is 
resumed, Periodicity in the action of the respiratory centre under 
these circumstances is indicative that it is reacting to deficiency of 
oxygen—more properly CO,-pressure below normal aided by deficiency 
of oxygen—rather than to CO,-pressure alone, the normal stimulus. 

This explanation throws the burden of the oxidation or neutralisation 
of lactic acid during each period on the respiratory centre itself. It 
seems probable from Fletcher and Hopkins’ results’ that such 
destruction of lactic acid can take place rapidly within the living cell, 
though when the lactic acid gets into the blood its elimination is a 
slow process, judging from the long-lasting depression of alveolar 
CO,-pressure after violent exercise or from the results of direct 
analyses of the blood“. 

In this explanation no recourse is made to alterations of excitability 
in the respiratory centre, which have often been suggested to account 
for periodicity of the respiration shown under other circumstances. 
Alterations of excitability of a permanent character can hardly explain 
the phenomenon, for it is difficult to see how the respiratory centre 
would react otherwise than in a regular manner to an altered CO, 
pressure. One would have to postulate a periodic alteration of the 
excitability, depending presumably on the variations of Or pressure 
in the centre. Be that as it may, and the point is a difficult one to 
determine experimentally, I would contend that the changes in the 
concentration of the gases in the alveolar air, blood and respiratory 


1 This Journal, xxxv. p. 282. 1907, 
* Ryffel. This Journal, xX. p. xxix. 1910. 
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centre which have been discussed would still hold good, and are in 
themselves quite sufficient to account for the periodic character of the 
respiration, So far as I could tell by introspection during the course 
of the experiments there was not the slightest alteration in my mental 


It is not a far stretch of the imagination to postulate that the cause 
of the Cheyne-Stokes breathing which occurs spontaneously at higher 
altitudes than those which were reached on this occasion has the same 
explanation as that advanced above. Mosso has observed slight 
periodicity of the breathing in men at a barometric pressure of 
503 mm. after eight deep breaths', and draws attention to the 
similarity between this and the true Cheyne-Stokes breathing which 
occurs at high altitudes especially during sleep. He does not however 
seem to have been able to abolish high altitude Cheyne-Stokes 
breathing by means of inhaling oxygen“, and in this his experience 
is quite contrary to Pembrey’s in pathological cases as well as mine 
in artificially induced periodic breathing. For instance in the last 
case if the experiment is done at normal barometric pressure and 
oxygen instead of air is breathed after the primary apnoea the first 
period of breathing is followed by a very long apna, then there may 
be a second period of breathing followed by another long apnea, after 
which the breathing becomes regular. The usual seven or eight periods 
are not forthcoming. The same holds good if a long series of periods 
is induced at normal barometric pressure by breathing after the 
primary apncea air containing about 14% of oxygen or equivalent to 
the pressure at 11,000 feet. If pure oxygen is presently substituted 
for this air the periods rapidly come to an end with prolongation of 
the intervening apnœas. In Mosso’s cases the oxygen was adminis- 
tered through a funnel which was placed close to the face. The 
experiment was moreover done in the dark and care had to be taken 
not to disturb the sleeping subject, so it is possible that the adminis- 
tration was not very efficient and that the subject never received a 
very high percentage of oxygen. A further fact which points to the 
probability of this suggestion is that the administration of as much 
as 12% of CO, though it abolished the periodicity, hardly led to any 


hyperpneea, so far at least as can be judged from the tracing of the 
breathing. | 


1 Laboratoire scientifique international du Mont Rosa, Travaur 1904190 
Turin, 1907. | ee 
* Ibid. pp. 32, 88, 
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The case of Cheyne-Stokes breathing 
under pathological conditions can only be 
argued from the present series of experi- 
ments by analogy, want of oxygen arising 
perhaps from a defective circulation. The 
careful work of Pembrey’' has shown that the 
immediate causative factor is in such cases 
oxygen-deficiency—work which has furnished 
the clue to the investigations on artificially 
aroused periodic breathing. Pembrey how- 
ever lays stress on diminution of nervous 
excitability as the ultimate cause. All his 
cases were alike in showing a permanent 
alteration of the excitability, but in the last 


cases which he describes“ he draws attention 


to an increase of movement made by the 
patient during the breathing periods, an in- 


dication, it may be, of increase of nervous 


excitability at that time. 

So far we have left out of discussion in 
the experiments described in this paper any 
secondary effect which may be produced by 
alterations in the circulation while the 
periodic breathing is in progress. Dr H. 
v. Schrétter and Mr Barcroft were good 
enough to take simultaneous tracings of my 
pulse and respiration during an experiment. 
The pulse was of a marked dicrotic character 
during the primary apnea, but in the first 
breathing period it resumed a quite normal 
character but became dicrotic again during 
the next apnea. This variation in the 
character of the pulse occurred in each 
successive period, becoming less marked as 
the periodicity of the breathing passed off, 
until it became perfectly normal when the 
regular breathing was resumed. The figure 
shows a record from one of these experiments 
made at the Meteorological Observatory 
during the $rd to 5th breathing periods 
and intervening apnœas. 3 


Med. Chirur. Trans. xu. pp. 49, 88. 1908. Journ, 


Path. and Bact. xu. p. 288. 1909. 
* Journ. Path. and Bact, Xtv. p. 409. 1910. 
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This fact is of significance, especially when taken in conjunction 
with Pem brey’s observations that in pathological cases of Cheyne-Stokes 
breathing the blood pressure is distinctly higher during a breathing 
period than in the apnœic periods, while the right side of the heart 
appears to become dilated during the apnea. Knoll too has given 
continuous records of such changes of blood pressure during periodic 
breathing in morphinised dogs. This is probably indicative of a 
slowing of the general rate of the circulation during apna@a in conse- 
quence partly of the cessation of the respiratory movements, and partly 
of the lowering of CO,-pressure on the heart*. With a lessened rate 
of circulation the presgure of the oxygen in the blood reaching the 
respiratory centre may have been appreciably lowered in its passage 
from the lungs, want of oxygen symptoms showing themselves with an 
unexpectedly high pressure of oxygen in the alveolar air. The very 
periodicity of the breathing will then tend.to accentuate that condition, 
for it will be all the more difficult for the respiratory centre to attain 
that supply of oxygen which is necessary if CO,-pressure is to become 
the sole regulating factor. The importance of circulatory changes in 
this connection is emphasised by Knoll’s work, for he describes 
experiments in which periodicity of the breathing was induced in 
animals by alternately opening and closing the arteries to the brain 
or by the periodic stimulation of the peripheral end of the vagus. In 
the last case fall of blood pressure was accompanied by hyperpnea 
which passed into apnœa as the blood pressure rose again. 

From what has been said with regard to the behaviour of the gases 
in the alveoli and respiratory centre it will be clear that while the 
breathing is periodic the alveolar CO,- and O,-pressures do not give 
that exact representation of the pressures of the same gases in the 
respiratory centre which is probably not far from the truth under 
normal circumstances, though they still serve to explain the general 
course of events in the centre. 

One criticism is bound to be brought against these experiments, 
being common to all the investigations where the subject of experiment 
is fully conscious. It is that psychic influences must disturb and 
perhaps falsify the true state of affairs. While it is impossible to deny 
the existence of psychic influences it is extremely improbable that they 

* Stengeb. d. Akad. d. Wissensch, Wien. xov. Abt. 8, p. 208. 1887. Knoll considered 
_ that periodic alteration of excitability of the respiratory centre was the factor responsible 
for periodic breathing, but he was unable to satisfy himself as to the cause of this altera- 
tion, for though at first he suspected vagal influence, he obtained on some occasions 

after cutting both vagi. 


* Yandell Henderson. Amer. Journ. Physiol. xx1. p. 126. 1908. Jerusalem and 
Starling. This Journal, xu. p. 279. 1910. | 
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play any noticeable part in the present case. Knoll and Yandell 
Henderson have both shown that it is possible to produce in the 
anesthetised animal at normal barometric pressure as a result of 
rapid artificial ventilation of the lungs apnoea and transitory periodic 
breatbing, and this is of the same character as that described in man 
by Haldane and Douglas. It should be borne in mind that the 
figures given in the various tables, in Table II for instance, are the 
results of different experiments made on several different days. At no 
time were more than three samples of alveolar air taken in a single 
experiment. The regularity of the results speaks very strongly against 
psychic influences. 

I am particularly indebted to Professor Pannwitz for the invitation 
to join the International Committee for the study of the effects of high 
altitude and solar radiation, without which this work could not have 
been undertaken, as well as to the International Tuberculosis Conference 
under whose auspices the expedition sailed. To the other members 
of the expedition I am most grateful for much kindly assistance and 
criticism, in particular to Geheimrath Professor Zuntz. 


The expenses in connection with the apparatus used in this research have been 
defrayed by a grant from the Royal Society. 


SUMMARY. 


1. The duration of the periodic breathing, which in some people 
occurs at the end of the apnoea after forced breathing, is lengthened 
with increase of altitude. When a sufficient altitude is attained the 
periodic breathing becomes to all intents and purposes permanent, and 
affords an opportunity of studying the changes in the alveolar air under 
conditions which resemble very closely those of typical pathological or 
spontaneous high-altitude Cheyne-Stokes breathing. 

2. The causative factor responsible for this periodicity of 3 
is ultimately deficieney of oxygen. 

3. The periodicity can be explained in terms of the changes in the 
gases of the alveolar air, blood and respiratory centre, and it is unneces- 
sary to postulate any alteration, whether permanent or periodic, in the 
excitability of the respiratory centre, 

4. Changes occur in the circulation during the periodic breathing 
which may intensify that condition. 

5. Psychic influences are practically negligible in these cases of 
artificially induced periodic breathing even though the subject of 
experiment is conscious. 

Amer. Journ. Physiol. xxv. p. 385. 1910. 
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THE DETERMINATION OF THE TOTAL OXYGEN 
CAPACITY AND BLOOD VOLUME AT DIFFERENT 
ALTITUDES BY THE CARBON MONOXIDE 
METHOD. By C GORDON DOUGLAS, B.M., Fellow of 
St John’s College, Oxford. 


THE precise changes which are undergone by the hemoglobin of the 
blood as a reaction to changes of altitude have been a matter of 
controversy for a considerable time’, and it cannot be yet said with 
certainty whether at high altitudes the hemoglobin shows a real 
increase in total amount or whether the increase in the percentage. 
value of the hemoglobin in the blood which is so frequently observed 
is due to a mere concentration of the blood, or whether both factors 
come into play. 3 

When one looks through the literature it is evident that much of the 
uncertainty is due to differences of the interpretation of single results 
obtained on individual animals, some of which have been kept at the 
low and others at the high altitude, for the method of estimating the 
total amount of hemoglobin and blood in the animal has hitherto 
been Welcker’s or some modification of that method, each estimation 
necessitating the death of the animal examined, To solve the problem 
some intra vitam method of making the required observations, and one 
which does no harm to the subject, is therefore necessary, For this 
purpose Haldane and Lorrain Smith’s carbonic oxide method“ for 
determining the total oxygen capacity and blood volume of man was 
employed during a receut expedition to the Peak of Teneriffe which has 
been described in greater detail in the preceding paper. 

In order to render the necessary apparatus easier to transport a 
modification of the original method of administering the carbonic 
oxide was adopted. Hill's oxygen bag* in which the gas is produced 

Ot. Abderhalden. Zechr. f. Biol. AI. p. 125. 1902. Ibid. p. 448. — 
Arch. om. 5. 1. Zunts and others, Hvhenklima, Berlin, p. 172. 1906. 


* Haldane and Lorrain Smith. This Journal, xxv. p. 881. 1900. 
Leonard Hill. Brit. Med. Journ. p. 1522. 1900. 
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by the action of water on oxylith was substituted for the older 
respiration apparatus with its weighty oxygen cylinder. A great 
advantage of this method is that no special means for absorbing the 
carbonic acid of the expired air is essential, as the caustic soda formed 
in the reaction remains in the bag and serves for this purpose. An 
additional rubber tube was inserted into the upper part of the bag to 
serve as a means of entrance for the carbonic oxide which was run in 
under water pressure from a 500 c.c. measuring cylinder. The whole 


apparatus is shown in the accompanying figure. 


Fig. 1. 


The oxygen generated from one lump (50 gms.) of oxylith was found 
to be quite sufficient for an experiment. The whole of the required 
quantity of carbonic oxide was admitted at once into the bag and this 
was then disconnected from the rest of the apparatus, as this permits 
of the subject breathing into it with greater convenience, At first 
breathing into the bag was continued until it was almost empty at the 
end of an inspiration (12 to 15 minutes) before taking the blood sample 
for determining the percentage saturation with carbonic oxide, but later 
on a routine period of 10 mins. was chosen as analysis showed that there 
was but a negligible quantity of carbonic oxide left in the bag by that 
time, and this shorter period obviated the somewhat violent hyperpnœa 
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which is apt to occur when there is only a small quantity of gas in the 
bag owing to the insufficient rapidity of absorption of carbonic acid by 
the caustic soda. The apparatus described proved extremely convenient 
throughout, though finally the caustic soda worked its way through the 
fabric of the bags and brought the experiments to a close. 

It may be said at once that so far as the effects of altitude on the 
blood volume and hemoglobin were concerned no positive information 
was obtained. Presumably the altitude, which was only moderate (7000 
feet), or the length of time spent at that altitude, was insufficient in the 
case of each of the two subjects examined to produce any marked 
change. The percentage value of the hemoglobin in the blood showed 
a slight rise but even this was by no means marked. The total 
hwmoglobin remained, so far as can be judged, at the sea-level value; 
this was quite certain in the case of J.B. Dr Boycott was kind enough 
to examine some blood films taken from C. G. D. while on the Peak but 
was unable to find any evidence pointing to the regeneration of red cells. 

It is curious that C. G. D. gave four consistent values at sea level in 
Teneriffe for the total oxygen capacity which were 10°/, above the mean 
values found in England. It is true that three of these determinations 
in England gave values which were nearly as high but these were not 
sustained by other experiments made about the same time and were 
probably due to experimental error. Whether the week’s sea voyage to 
Teneriffe had anything to do with this increase of hemoglobin must 
remain uncertain. There is another possible explanation for these high 
figures, that is that the solution of blood in which the percentage 
saturation with carbonic oxide was being determined may have been 
dissociated to an abnormal extent owing to the intensity of the light in 
Teneriffe, the apparent saturation being therefore too low. An attempt 
was made to combat this possible source of fallacy by making the 
estimations early in the morning (8 to 9 a.m.) and excluding from the 
room all the light save that from the north-west. Judging from the 
consistent results obtained in all the experiments on J. B. one would say 
that this effort had been successful. 

Though then the main purpose for which the experiments were 
undertaken remains unfulfilled some interesting facts which bear on the 
carbonic oxide method in its application to man may be derived from 
the figures obtained. 

In the first place the results obtained at sea level for C. G. D. show the 
sort of variation which is found when estimations are made on the same 
individual at frequent intervals over a considerable interval of time, in 
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4420 


Subject O. O. D. Jan. 20 9 17˙7 783 
weight 65 kilos. 1 955 176 817 4640 
Feb. 8 96 17-7 812 4600 
9 100 18°5 4370 
10 908 18˙1 870 4810 
Oxford ; 18 958 17˙8 5170 
22 92 17-0 891 5240 
100 18˙5 6806 4360 
March 1 100 18°5 881 4500 
5 100 18˙5 880 4760 
8 94 17-4 4400 
11 2 17-8 816 4590 
Mean for Oxford 96 17°8 828 4657 
0. 0. =7 
11 96 17˙8 945 5810 
22 100 18˙5 890 4810 
Orotava, sea level 2% 97 17-9 905 5060 
% 65 17-8 920 5170 
25 17-9 
Mean for Orotava 97 179 915 4963 
28 103˙5 19-0 
Las Cafiadas, 31 101 18°7 1070 5720 
7000 feet. April 1 96 17°8 der 
2 108 19-0 869 4570 
8 1056 19°5 979 5020 
Alta Vista. 
8 107 19°8 2 — 
| 11 107 19°8 985 4970 
11 57 17-9 
16 105 19-1 
Subject J. B. Feb. 100 18-5 1017 5500 
weight 70 kilos. 6 100 18-5 1058 5700 
21 100 18˙5 1025 5550 
Mean for Cambridge 100 18-5 1082 5588 
aa a7 6.6. 
Marel 21 108 19˙1 995 5220 
Orotava. 28 105 19° 
| 95 1186 21-0 1000 4770 
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this instance three months, during which time the course of life was 
quite uniform. The figures for the total oxygen capacity vary up to 
+ 8°/, of the mean value, a variation of the same order as that found by 
the same method in the case of rabbits’. This variation probably 
expresses the experimental error of the method and affords no indication 
that the hemoglobin in the body was really varying during the period 


of observation. 


All the colorimetric determinations for ascertaining the percentage 
saturation of the blood with carbonic oxide in the case of myself were 
made by me soon after inhaling the gas, at a time that is when my blood 
was still perhaps 20% saturation with carbonic oxide, for as a rule the 
saturation reached during the course of the experiment was in the 
neighbourhood of 25% On several occasions Dr Haldane was good 
enough to make the titrations in duplicate with me and the two 
analyses always agreed closely, so it appears that in this series of 
experiments partial saturation with carbonic oxide had little effect upon 
the accuracy with which I was able to do the colorimetric titration. At 
the same time it appeared to me that under these circumstances I was 
not able to estimate the differences of colour with such facility as when 
I was completely free from carbonic oxide. 

The normal values of the total oxygen capacity and blood volume 
were much larger in both C. G. D. and J.B. than the average values 
obtained by Haldane and Lorrain Smith in the original series of 
14 men as well as the more recent results of Oerum and Plesch“. 
Haldane and Lorrain Smith give per 100 gms. body weight 
0°98 cc. of oxygen capacity and 478 c.c. of blood, Plesch 1°12 cc. 
of oxygen capacity and 5°64 c. c. of blood and Oerum 5˙2 C. of blood. 
Cases have been described previously of apparently normal people who 
have what one would consider an excessive quantity of hemoglobin 
and blood judged in the light of the first series of determinations made 
by the intra vitam method’, but agreeing with the two cases under 
discussion here. 

There is however a possible source of fallacy in Haldane and 
Lorrain Smith's determinations. Dr Haldane and I have made 
two determinations on myself in the middle of June of this year, 


1 Boycott and Douglas. Journal of Path. and Bact. XIII. p. 256. 1909. 
* Ocrum. Deutsch. Arch. f. klin. Med. xcin. p. 857. 1908. Plesch. Zechr. f. exp. 
Path, und Ther. vi. p. 380. 1909. 


* Boycott and Douglas, Guy’s Hospital Reports, uxn. p. 168. 1908. Plesch. 
loc. cit. 
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employing the original apparatus (breathing through soda lime into 
a small closed space into which the oxygen and carbonic oxide were 
admitted) in order to administer the carbonic oxide. In the first 
instance 209 c.c. of carbonic oxide were given in 64 minutes, and after 
this I continued to breathe into the apparatus for 214 minutes. The 
saturation of the blood with carbonic oxide determined in a sample 
taken from the finger 34 minutes after the whole of the carbonic oxide 
had been given was 28°6°/,, and from this point the saturation gradually 
fell till it became constant at 22°6°/, after the lapse of a further 13 
minutes. In the second instance 300 c.c. of carbonic oxide were given 
in 264 minutes, and breathing into the apparatus was continued for 
another 35 minutes. The first sample of blood taken 1 minute after 
all the carbonic oxide had been given gave a saturation of 39°/,, but 
a constant value of 35°2°/, was reached 5 minutes later. My total 
oxygen capacity in these two experiments calculated from the satura- 
tion when this became constant was 925 c.c. and 852 c.c. 

It would seem probable therefore that the time allowed in the 
experiments of Haldane and Lorrain Smith for complete mixture 
of the blood after giving the carbonic oxide was insufficient. The 
apparatus described in this paper helps to get over this difficulty, 
presumably owing to the accumulation of a fair amount of carbonic 
acid in the bag and a consequent acceleration of the circulation, for 
I cannot satisfy myself that there is any definite relation between the 
duration of the experiment and the values found for the total oxygen 
capacity. 

To what extent Haldane and Lorrain Smith’s or other observers’ 
results are affected by this error it is of course impossible to say, but 
we are at present investigating the matter. The limits of the 
hemoglobin and blood volume which are to be considered normal for 
man must no doubt be extended. Haldane for instance has now 
about 900 0. of oxygen capacity, whereas his original determination 
gave a value of 660 c.c. 

It will be noticed that the values for the total oxygen capacity in the 
case of C. G. D. showed a very great irregularity at the higher altitude of 
the Meteorological Observatory. Taking the figures as they stand it 
cannot be said that there is any distinct indication that the total oxygen 
capacity was any different from what it was at sea level, even though the 
period spent at or above the altitude of 7000 feet lasted for 16 days. 
It appears only that the experimental error was vastly greater than at 
the lower altitude, J. B. on the other hand gave values throughout 

PH. XL, 31 


* — 
2 
4 
i 
4 
. 
* 
4 
— 
i 


478 C. G. DOUGLAS. 


which were perfectly consistent with one another and showed no 
alteration at the higher altitude. The probable explanation of the 
difference in the two cases is this. The actual determinations, including 
the colorimetric titration, were all made by C. G. D. The experiments on 
J. B. were in all cases made first when C. G. D. was entirely free from 
carbonic oxide. In the experiments on C.G.D. the colorimetric titration 
was done at a time when the observer was still considerably saturated 
with carbonic oxide, the average saturation reached in the course of the 
experiment being as before 25%. It appears therefore that the want 
of oxygen induced by partial saturation with carbonic oxide plus the 
lowered atmospheric tension of oxygen rendered the power of colour 
discrimination far less exact than under normal circumstances. The 
light by which the titrations were made was not to blame, for it was 
particularly good. Dr Haldane has informed me that he has found 
it extremely difficult to do the titration when saturated to 40°/, with 
carbonic oxide at sea level. The two cases are not however parallel for 
in the last instance the oxygen tension in the blood was probably higher 
than in the first. 3 

There are some who find difficulty in making accurate determina- 
tions of the total oxygen capacity on themselves even at normal 
barometric pressures by the method of Haldane and Lorrain Smith 
though they can obtain perfectly reliable and consistent results on other 
subjects, and it would seem that their colour discriminating power is 
dulled even by the comparatively low saturation with carbonic oxide 
which is necessary for the determination. 

The figures obtained for the blood volumes are not discussed here 
because by Haldane and Lorrain Smith’s method they are obtained 
by calculation from the percentage and total oxygen capacity and 
therefore reflect the experimental errors of each of these two 
determinations. They are therefore the least reliable of the results, 
though in the case of J. B. they point to a slight concentration of the 
blood. The concentration in this case cannot however be ascribed to 
the high altitude for it was quite evident at sea level in Teneriffe, and 
may have been due to the fact that J. B. did not drink much fluid. 

I am greatly indebted to Mr Barcroft for his assistance in this 
work, as he served willingly as one of the subjects of investigation in 
the midst of the pressure of other work. 
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SuMMARY. 


1, In a series of determinations on the same individual of the 
total oxygen capacity by the carbonic oxide method variations up to 
+ 8°/, of the mean value were found. This probably gives a measure 
of the experimental error of the method when applied to man. 

2. Evidence is given that partial saturation of the observer with 
carbonic oxide, especially if the atmospheric oxygen tension is lowered 
as at high altitudes, may seriously interfere with his capacity for 
performing the colorimetric titration necessary for determining the 
percentage saturation of the blood with carbonic oxide by Haldane 
and Lorrain Smith’s method. 

3. The limits of the total oxygen capacity and blood volume of 
normal men are probably more extensive than would be supposed from 
the mean values derived from recent intra vitam determinations, The 
two individuals in the present instance had each about 1°4 C. oxygen 
capacity and 7˙5 C.. blood per 100 gms. body weight. 

4. In employing Haldane and Lorrain Smith’s original method 
of administering the carbonic oxide a source of fallacy is liable to arise 
owing to the experiment not lasting a sufficient time for thorough 
mixture of all the blood in the ad to en place before taking the 


necessary blood sample. 


The cost of the apparatus employed in this research has been defrayed by a grant 
from the Royal Society. 
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THE ACTION OF TETRAHYDROPAPAVEROLINE 
HYDROCHLORIDE. By P. P. LAIDLAW, MA., B.C. 


(From the Wellcome Physiological Research Laboratories.) 


TETRAHYDROPAPAVEROLINE hydrochloride is a new alkaloid which was 
made recently by Pyman™ during his study of the reduction products 
of papaverine. It presents some features of interest owing to its well- 
marked physiological action. The effects it produces on the normal 
animal are such as hold out the hope of its value as a therapeutic 
agent and on that account an investigation of its physiological action 
seemed desirable. 


Its relationship to papaverine is shown in the following structural 
formule : 
CH, 
CH,O HO NH 


OH 
Son, H 
Papaverine Tetrahyd 


Details of its chemical properties and relationships will be found 
in Pyman’s paper. It may be mentioned that its hydrochloride is 
a white crystalline solid slightly soluble in water or saline solution. 
It is readily oxidised, and an alkaline solution in contact with air 
slowly assumes a fine purple colour and ultimately deposits a purple 
black amorphous precipitate. Fehling’s solution and ammoniacal silver 
nitrate solutions are readily reduced by it. 

The intact animal. On the intact animal very few effects are 
observable because the action of the alkaloid is not of such a kind as 
produces grave disturbances of the normal processes. It is moreover 
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not a very toxic agent. This is probably dependant on the ease 
with which it is oxidised. 25 mgms. of tetrahydropapaveroline 
hydrochloride were given to a cat hypodermically and no definite 
effects were observed during the next half hour beyond a slight 
increase in the pulse rate (before the administration the heart rate 
was 170 per min., after 180 per min.). This small increase might 
very easily have been due to other factors. At the end of the half 
hour 50 mgms, more were given in a capsule by mouth and the only 
definite alteration in the cat's condition was a further increase of the 
rate of heart-beat up to 228 per min., about 50 mins. after the second 
dose, Four guinea-pigs survived doses of 50, 50, 33 and 17 mgms. 
subcutaneously, and they exhibited no untoward symptoms. The 
heart-beat of the guinea-pig is so fast originally—usually over 300 
per min.—that variations of this are not accurately distinguishable by 
the ordinary method of palpation. 

10 mgms. were given to a rabbit intravenously and the only two 
effects noticed were (1) a greatly increased rate of heart-beat and 
(2) a quicker rate of respiration. 20 mgms. were given intravenously 
to the same rabbit on the following day and the same symptoms were 
noticed, Before the administration of the alkaloid the heart rate was 
240 and the respiration 160 per min.; just after the injection the heart 
rate had risen to an uncountable rate (about 390) per minute and 
the respiration was 184. In the course of the next hour the rabbit 
recovered completely and the heart and respiration slowly returned to 
normal, At the end of the first half hour after the injection the 
heart was still a long way above 300 (about 384). It is thus obvious 
that the new alkaloid is not a very poisonous substance, afid as will be 
seen later the doses which were given to the animals mentioned above 
are all capable of producing profound effects. The effects however are 
of a kind which are not capable of being observed in the intact animal. 

A number of experiments were performed upon anesthetised cats 
and rabbits. The animals were anesthetised with chloroform, ether, 
ether and paraldehyde or urethane. The different anesthetics made 
very little difference to the results. A number of experiments were 
also performed upon pithed cats. This procedure enables one to 
dispense with the anmsthetic which is a point of importance in 
studying the plain muscle of the bronchioles as was pointed out by 
Brodie and Dixon 

The vascular system. The effect of the intravenous administra- 
tion of 3—10 mgms. of tetrahydropapaveroline hydrochloride to an 
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angsthetised cat of 2 or 3 kilos. weight is to cause a sudden fall of 
blood-pressure accompanied by a greatly increased rate of heart-beat. 
The blood-pressure recovers fairly rapidly after the small dose but the 
heart remains very rapid for a long time (Fig. 1). Repetition of the 
dose gives similar results but the fall of blood-pressure is never as great 
as after the first dose (see Fig. 2). Very similar effects are seen when 
a rabbit is the experimental animal. The fall of blood-pressure is not 
as a rule very great. A fall of 70 mm. Hg with a dose of 3 mgms. as 
is shown in Fig. 1 is exceptionally large. 


140 
7140 mm 


1. 


4 


Fig. 1. Cat, ether. Blood-preasure, base line and signal, time in 10”. The figures indicate 
blood-pressure levels in millimetres of mercury. Effect of injecting 3 mgrs. of 
tetrahydropapaveroline hydrochloride intravenously. 


This fall of blood-pressure is due to a relaxation of the plain 
muscle of the arterioles, The flushing of the viscera is very obvious 
on inspection and an increase in viscus volume demonstrated with 
great ease in oncometric experiments. Fig. 2 shows the effect of 
8 mgms. of tetrahydropapaveroline hydrochloride on intestinal volume 
and blood-pressure. Here the fall of blood-pressure is not well marked 
_ because the drug has been administered to the same animal on two 
occasions previously, the increase of the intestinal volume is, however, 
well shown. Fig. 3 shows the same result but the more usual fall of 
blood-pressure as well. Similar results are seen in the experiments on 
kidney volume, Accompanying the fall of blood-pressure there is a 
very great increase in cardiac activity. The. rate of the heart-beat 
is enormously increased, particularly if the heart has been beating 
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Fig. 2. Cat, ether. Intestinal volume, blood-pressure, base line and signal, time in 2”. 
Effect of 8 mgrs. tetrahydropapaveroline hydrochloride. 


Fig. 8. Cat, ether. ie and signal time in 17, 
Effect of 4 mgrs. tetrahydropap e hydrochloride. 
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somewhat slowly before administration of the drug. In addition the 
force of the heart-beat is considerably augmented. These two factors 
are well illustrated in Figures 4 and 5. Fig. 4 shows the effect of 
1 mgm. of the alkaloid injected into the perfusion cannula when an 
isolated cat’s heart was perfused with warm oxygenated Ringer solution 
according to the Locke-Langendorff® method. It is noteworthy 
that the increase in size of the heart-beat is due to an increase in the 
completeness of systole. Fig. 5 is a cardiometer record of a cat’s heart 


N * 


7. 


Fig. 4. Isolated heart of cat, perfused. Record ben tip of left ventricle, suspension 


method, time in seconds. A, normal and first effect of 1 mgr. tetrahydrop eroline 
hydrochloride injected into perfusion cannula. B, 1 min. after end of A; 0, 8 mins. 
after end of B. 


Fig. 5, Fig. 6. 
Fig. 5. Oat, pithed. Cardiometer record by bellows recorder, signal, time in 10“. 
Effect of 8 mgrs. tetrahydropapa eroline hydrochloride. 


Fig. 6. Isolated heart of rabbit perfused after the Locke-Langendorff method. Record 


_ from tip of left ventricle, drop record of coronary outflow, time in 
mgr. tetrahydropapaveroline hydrochloride. 
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in situ. In this tracing before administration of the alkaloid the rate 
of heart-beat was 36 beats in 10”. The average volume per beat 
= 16v, where v is a constant depending on the size and shape of the 
Brodie bellows recorder. Hence the output in 10” = 576v. 

After the administration of the drug the rate had risen to 44 beats 
in 10” and the output per beat to 30v; so that the output during the 


Fig. 7. Isolated heart of toad, perfused in Locke-Williams apparatus. Volume of 
ventriqular output by Dizon frog-intestine recorder. Time in 10”. Effect of 1 in 
10,000 solution of tetrahydropapaveroline hydrochloride in Ringer. 


effect of the drug = 1320v in 10”. It is thus evident that the output from 
the heart is increased by a little less than 23 times under the influence 
of tetrahydropapaveroline hydrochloride and this is not an exceptional 
example, other records showing similar results. Fig. 7 shows the same 
effect on the isolated heart of the toad perfused in the Locke- Williams“ 
apparatus with the Dixon frog-intestine volume recorder, This large 
increase in cardiac output shows how a marked dilatation of the 
intestinal vessels can occur without a great fall of blood-pressure 
(see Fig. 2). The circulation time under the influence of the alkaluid 
must be considerably shortened. Some experiments were performed 
with a view to determining the effect of this alkaloid on the coronary 
circulation, and the results showed that the coronary circulation is 
practically unaffected. Fig. 6 is a record of the effect of 0°5 mgm. of 
the alkaloid on a rabbit’s heart, with a simultaneous tracing of the 
coronary outflow. The Ringer solution running away from the heart 


1 This apparatus was shown at the meeting of the Physiological Society, Feb. 27,1909, 
by Locke. 
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in numerous small drops was collected by a funnel and allowed to flow 

in large drops on to a drop recorder. It will be observed that, except 
for the slight transient increase just after the injection of the solution 
of the alkaloid into the perfusion cannula, the coronary flow is unaltered. 
The increased cardiac activity might have been expected to induce a 
more rapid coronary outflow. This does not seem to be the case and 
it is possible that a slight constriction of the coronary vessels occurs 
but this is rendered improbable from the fact that the plain muscle of 
the arterioles in the rest of the body is relaxed and, as will be seen 
later, plain muscle elsewhere is similarly affected. This combination 
of effects directly increased cardiac activity and a relaxation of the 
plain muscles of the arterioles is, so far as I am aware, a unique effect 
in response to the administration of a single drug. 

Respiration. The respiration rate is considerably augmented under 
the influence of tetrahydropapaveroline hydrochloride but there does 
not seem to be much alteration in the force of the respiratory 
movements. Fig. 8 shows the result of the administration of 8 mgms. 
of the alkaloid intravenously to a cat under paraldehyde and ether 
anzsthesia, where the blood-pressure and respiratory movements are 


Fig. 8. Cat, paraldehyde and ether. Respiratory movements, blood-pressure, base line 
and signal, time in 10”. Effect of 8 mgrs. of tetrahydropapaveroline hydrochloride. 
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recorded simultaneously. How far the variation in the rate of the 
respiratory movements is secondary to the fall of blood-pressure was 
not investigated. The latter probably accounts for a considerable part 
of the increased rate of respiration. The most interesting feature of 
the action of tetrahydropapaveroline hydrochloride on the respiration 
is its effect on the plain muscle of the bronchioles. These are readily 
and completely relaxed by the alkaloid, and when full doses 10—20 
mgms. of the alkaloid have been given intravenously it is impossible 
to produce spasmodic constriction of this musculature. After some 
rather unsuccessful attempts had been made to elucidate the point, 
the technique described by Brodie and Dixon™ when studying the 
innervation of the bronchioles was adopted with successful results. It 
is necessary to open the thorax in order to enclose a lobe of lung in 
the plethysmograph. It is also necessary, as Brodie and Dixon 
point out, to use pithed animals and dispense with a volatile anwsthetic. 

In all the animals used for this part of the investigation it was 
found that there was (by the time the operative procedure had been 
completed) very little and usually no tonus in the bronchiolar muscle. 
It became necessary therefore to induce a tonic state and see if the 
alkaloid would abolish it. For this purpose either (1) the vagus was 
stimulated or (2) pilocarpine was administered. In either case after 
10—20 mgms. of tetrahydropapaveroline hydrochloride had been 
administered the bronchiolar muscle rapidly relaxed and vagus 
stimulation was then no longer capable of inducing a constriction 
of the bronchioles while a large dose of pilocarpine (10 mgms.) 
produced only a very slight constriction. 

Fig. 9 is a typical example. (A) shows normal variation in 
ventilation of lung and the results of the administration of 1 mgm. 
of pilocarpine: (B) the effect of two successive doses of 2 mgms. of 
tetrahydropapaveroline hydrochloride : (C) the slight effect of 10 mgms. 
pilocarpine given subsequently. In one case where a tonic contracture 
persisted after stimulation of the vagus, the constriction was promptly 
abolished by the new alkaloid. : 

The uterus. A very profound effect is exerted by the alkaloid on 
the plain muscle of the uterus. Complete relaxation of the muscu- 
lature is induced by very small doses and the effect lasts for a very 
long time. Whether the movements of the uterus are studied in the 
isolated organ or in situ the results are the same. Fig. 10 shows the 
effect of 1 mgm. of the alkaloid added to a 250 ac. bath of warm 
oxygenated Ringer's solution in which a rabbit’s uterus was suspended. 
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Very much smaller quantities will produce quite good relaxations, 
particularly if the cat’s uterus is the test object. A well-marked effect 
is obtained with a dilution of 1 in 2,500,000. 

Fig. 11 shows the effect on the blood-pressure and the movements 
of the cat’s uterus studied in situ by the thread and pulley method. It 
will be seen that the result is the same as that in the isolated organ, 
viz. a prolonged and well-marked relaxation. 


> Rel. 


Fig. 10. Fig. 11. 
Fig. 10. Isolated rabbit’s uterus in bath of 250 b. 0. warm oxygenated Ringer solution. 
Suspension method; time in 30“. At 4 1 mgr. of tetrahydropapaveroline hydro- 


chloride was added to the Ringer bath, at a change was made to fresh warm 
oxygenated Ringer solution. 

Fig. 11. Cat in bath of saline, paraldehyde and ether anwsthesia. Uterine movements 
by thread and pulley method, blood-pressure, base line and signal, time in 10”. 
Effect of 8 mgrs. tetrahydropap line hydrochloride intravenously. 


The plain muscle of the intestine is also affected but to a much 
smaller extent. It is seen best in the isolated organ, but it also occurs — 
in the body although the effect is not so well marked and not so 
persistent as the other effects recorded above. Moreover, larger doses 
are required to give good effects. Fig. 12 shows the effect of adding 
1 mgm. of the alkaloid to a 250 cc. Ringer bath in which a short 
length of rabbit’s intestine was suspended. The inhibition is quite 
obvious but larger doses than this do not seem to produce any greater 
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effect. In the body the effect is not so great, and in one instance an 
increased vigour of intestinal goa was observed. This is 14 


dependent on the increased 


blood supply to the plain 
muscle which occurs on ad- 
ministration of the drug. 
Fig. 13 shows the inhibition 
of peristalsis in the intestine 
of a cat. 

These several effects of 
the alkaloid on the plain 
muscle of the body are the 
result of a direct action on 
the mnscle; because they 
bear no relation to innerva- 
tion. Tetrahydropapavero- 
line hydrochloride relaxes 
the pregnant and non- 
pregnant uterus of cat or 
rabbit with equal facility 
and also the retractor penis 
of the dog. The bladder 
muscle is resistant to its 


Fig. 12. Isolated rabbit’s jejunum in 250 . 0. 
Ringer bath. Suspension method, time in 30”. 
At 4 1 mgr. tetrahydropapaveroline hydro- 
chloride, f fresh Ringer solution. 


effects, and does not respond like the rest of the plain musculature of the 


body. 


Fig. 18. Pithed 


veroline hydrochloride. 


cat. Intestinal movements, balloon and tambour record. Blood - 
pressure, base line and signal, time in 10“. Effect of 12 mgrs. of tetrahydropapa- 
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On the urine flow no variation was observed other than a transient 
diminution probably secondary to the fall of blood-pressure. 

The ease with which the alkaloid is oxidised seemed to make it 
probable that it is destroyed in the body. Experiments to determine 
its excretion or destruction were accordingly not undertaken. 

Skeletal muscle appears to be unaffected by the alkaloid. No 
difference in response either in the irritability of a nerve-muscle 
preparation or the form of its contraction could be demonstrated as 
a result of soaking in Ringer's solution containing tetrahydro- 
papaveroline hydrochloride to the extent of 1 part in 1000. 


ch Pyman: Trans. Chem. Soc. xov. p. 1610. 1909. 
(2) Brodie and Dixon. Journ. of Physiol. XXIX. p. 97. 1903. 


(8) Locke and Rosenheim. Journ. of Physiol. xxxvi. p. 205. 1907-8. Locke. 
Centr. für Physiol. AX. p. 787. 1905. 


(4) Dixon. Proe. Physiol. Soc. p. xxvi, Journ of Physiol. xxv. 1907. 
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THE COLOUR BLIND MARGIN OF THE BLIND- 
SPOT, AND THE SCOTOMETER. By JOHN 
BERRY HAYCRAFT, M. D. DSO, Professor of Physiology, 


University College, Cardiff. 


In the summer of 1907 I observed that at the margin of the blind-spot 
all colours appear grey. This was noticed on substituting a coloured 
patch for the black cross in the ordinary method of determining the 
position of the blind-spot. 

When the image of the coloured patch fell on the blind-spot a slight 
movement of the patch in any direction caused it to appear as grey, a 
slightly greater movement enabling it to be seen in its true colour. 

In order to investigate more accurately the variation in colour 
sensation at the margin of the blind-spot I have had an instrument 


Fig. 1. Determination of the area of the blind-spot arranged for use with the right eye. 
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constructed which, on the suggestion of Mr Tatham Thompson, I call 
a Scotometer. The instrument was made for me by, and with the help 
of, my mechanical assistant Mr Josiah Miles. 

The observer rests his chin on one of the curved surfaces (2) which 
may be raised or lowered by the screw (3); his left eye being closed, he 
looks with his right eye through the metal ellipse (1) at the white mark 
on the black metal plate. The white head of the nail, which is placed 
in the metal hole to the right of mark is then in the blind-spot and is 
invisible. 

By means of the screw (4) the nail head can be raised or lowered. 
The screw is turned until the nail head becomes visible. As soon as it 
is visible the nail head is pressed, and this records its position in the 
way to be described presently. Thus the length of the blind-spot in a 
vertical direction is recorded. 

The screw (5) is then loosened, When this is done turning screw 
(4) produces a horizontal movement of the nail head. The screw (4) is 
then turned each way until the nail head becomes visible, and the length 
of the blind-spot in a horizontal direction is registered. 

The extent of the blind-spot in other vertical or horizontal directions 
can be registered in a similar manner, and the area of the blind-spot 
marked out. 

In making observations with the left eye the plate is rotated so that 
it projects on the left side of the instrument. 

The recording of the position of the nail head is effected as 
follows :-— 

A transfer paper (A), 
and a paper ruled in 
square millimetres (B), 
are placed in the flat box, 
which is closed by the 
door D. The point of the 
nail projects from the 
centre of the tube C, so 
that when the nail head 
is pressed it marks a dot 
upon the ruled paper. 
A line joining the dots 
obtained in the manner 
given in the preceding 
paragraphs gives the area Fig. 2. Showing the reverse side of the instrument. 
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of the blind-spot. The blind-spot may, with this instrument, not only 
be mapped out accurately, but the larger blood -vessels entering, and 
leaving it, may also be noted, and mapped out for a short distance in 
their course (Fig. 3). 
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Determination of the area around the blind · pot in which different 
colours appear grey. 

The method is the same as that for determining the area of the 
blind-spot except that the nail head is coloured, instead of being white, 
and that the outer limit at which the nail head is seen as grey is re- 
corded. I find it convenient to have blue, green, yellow and red transfer 
papers to use with nail heads of corresponding colours. 

Where it is not required to map out the whole area, but only to test 
the sensitiveness of the retina to different colours along a line extending 
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from the blind-spot, it is best to proceed from the blind-spot outwards 
on the side opposite the macula lutea, since in the vertical direction the 
blood-vessels interfere somewhat with the observation, and in the direc- 
tion towards the macula lutea the region in which coloured spots appear 
grey is very narrow, 

In determining the axis it is best for one person to turn the screws 


and do the recording, and for another to observe and state what he 
sees. 
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When pure pigments are taken to colour the nail heads the 
luminosity of the nail coloured yellow is of course considerably greater 
than that of those coloured blue, green, or red. In order to make the 
luminosity the same the blue, green and red pigments must be mixed 
with white. In order to test the luminosity I fix the nail heads in a 
black background, and view them through the rotating sectors of 
Abney’. The sectors are driven by an electric motor, and, whilst 
rotating, the sectors are gradually approximated by moving a handle. 


1 Phil. Trans. of Royal Society. 1886 and 1892. 
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In this. way more and more li 


t is cut off, and, if the nail heads are 


equally luminous, they seem to be visible at the same time. The 
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blue, and were never preceded by yellow. Red, yellow and green were 

always preceded by yellow. Thus in experimenting with red it appears 

first grey, then yellow, then orange, and finally red. Green appears first 

grey, then yellow, and finally green. Yellow appears first grey, and then 
low. 

It is well known that there is a similar difference in the sensitive- 
ness to colours in the peripheral parts of the retina. It was of interest 
to determine whether the coloured nail heads which I had used for the 
colour sensitiveness of the margin of the blind-spot, would, when used for 
the peripheral part of the retina, give similar zones. This I have worked 
out in my own case, and give the results in Fig. 5. 

It will be seen that the order of recognition of colours in the two 
parts of the retina correspond. 

Reference to this part of the paper is to be found in an excellent 
publication by Braid’, in which he gives a full historical digest of the 
subject. 

Reference should be made to W. Nagel’s Handbuch where, in the 
third volume, Professor J. von Kries“ contributions are of outstanding 
value. 


! The Colour Sensitiveness of the Peripheral Retina. By J. W. Braid. Carnegie 
Institute of Washington. 1905. 
* Nagel, Mab. d. Phy-iol. d. Menschen, m1. 1904. 
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Binaural Localisation of Sound. By T. Granam Brown. 


It is well known that, in the case of vision, when both eyes are used 
together, seen objects appear projected at different distances from the 
individual; but that, when only one eye is used, this projection of seen 
objects is not obtained with the same perfection, and the field of vision 
appears to be flat. 

That a phenomenon in some degree comparable to this may be 
obtained in the case of hearing, may be demonstrated by the following 
experiment, 

A simple binaural stethoscope with flexible rubber tubes is taken 
und each ear piece is fitted closely into the auditory meatus. The 
chest piece is placed on a watch and the eyes are shut. The ticking of 
the watch is heard in both ears and appears to come from a point in 
front of the face. That is to say that, in this case, the heard sound is 
projected outside the body. 

If, however, one of the rubber tubes of the instrument be completely 
occluded the heard sound no longer appears to come from an object 
situated outside the body and in front of the face. No sound reaches 
the ear of the occluded side and the ticking is heard entirely with the 
opposite ear. The sound now appears to come from that side, but it 
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is no longer projected outside the body. It seems to be located at the 
hearing ear or even to be in the auditory meatus itself. 

This experiment seems to show that when both ears are used 
together the heard sound is projected, but that when only one ear is 
used this projection is less perfect. 

The function of binaural hearing in determining the direction from 
which the heard sound is proceeding may be demonstrated by a 
modification of the above experiment. 

When one tube of the stethoscope is completely occluded the heard 
sound appears to be at the ear of the unoccluded side. When both tubes 
are completely open the sound appears to come from a point situated in 
the sagittal plane of the head and in front of the face. If now the one 
tube be very gradually closed, the point from which the heard sound 
apparently comes appears to move round to the side of the unoccluded 
tube till, with complete closure of the tube, the sound again appears to 
be at the unclosed ear. 


Some class exercises. By H. E. Roar. 


1. Preparation of urea from urine. 


Evaporate 10c.c. of human urine to dryness (80—45 mins.) on 
a steam bath. Extract the residue with 5 c.. of boiling acetone and 
decant. Urea crystallises on cooling. If 10c.c. of acetone are used 
a larger yield is obtained, but the crystals do not form so quickly and it 
may be necessary to allow the solution to evaporate a little. 

The crystals are practically colourless and have been obtained to 
give the correct melting point, but on allowing the mother liquor to 
evaporate impure crystals are obtained, creatinin being also present. 

The residue after extraction by acetone does not completely dissolve 
in water but a white precipitate is left which gives a marked murexide 
test. 

Instead of extracting with acetone, 5 c.. of hot alcohol can be used. 
This gives a pigmented solution which can be evaporated to dryness 
and then taken up in acetone. The residue from alcohol extraction 
leaves a portion insoluble in water which gives a murexide test. The 
alcohol soluble portion, which remains after extraction with acetone, 
dissolves completely in water to a transparent solution coloured by the 
urinary pigments. 
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2. Urea nitrate and urea owalate. 


An equal quantity of strong nitric acid or saturated solution of 
oxalic acid added to dogs’ urine gives these crystals without any pre- 
liminary evaporation. 

The same crystals can be obtained from human urine without 
evaporation by increasing the acidic ion. 

Saturate some urine with ammonium nitrate and to 5 cc. add 3 c.c. 
of strong nitric acid saturated with ammonium nitrate. If kept cool 
for 24 hours crystals of urea nitrate may form. A precipitate of urate 
may occur on saturation with the ammonium salt’. 

Saturate some urine with oxalic acid (1g. in 10c.c.). Urea oxalate 
is precipitated, From two lots of 100c.c. of 2% urea solution, to each 
of which 10 gs. oxalic acid were added, the urea was recovered by 
decomposing the urea oxalate with CaCO, Yield A, 081 g.; B. 0°88 g. 


| 3. Phenols in urine. 

Phenols can be obtained from cows’ urine by the following pro- 
cedure. 

To 5 C.. of urine add 0°5 c. c. of strong hydrochloric acid and heat to 
boiling for at least two minutes. Cool well, shake with ether and 
separate the etherial layer. Remove the ether by warming and take 
up in water. Test with Millon’s reagent. 


4. Cholesterol in bile. 


To show the presence of cholesterol in bile evaporate 10c.c. to 
dryness on a steam bath. Extract the residue with several small 
successive quantities of ether, decanting the ether into another evaporat- 
ing ‘basin. Remove the ether by means of a steam bath. After 
removal of the ether take up the residue in about 2c.c. of chloroform 
and perform Salkowski's test. | 

The portion insoluble in ether can be used to prepare bile salts by 
extracting with alcohol. 


1 Of. Edwards, Journ. of Physiol. xvm. p. 451. 1895, 
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The possible effects of the aggregation of the molecules 
of hemoglobin on its dissociation curves. By A. V. HILL. 


In a previous communication Barcroft and I gave evidence which 
seemed to us to prove conclusively that dialysed hemoglobin consists 
simply of molecules containing each one atom of iron. The molecular 
weight is therefore Hb = 16,660. These experiments have not been 
published yet, but I shall assume the results. 

Other observers (Reid, Roaf, Htifner and Gansser) working on 
different solutions have obtained divergent results. The method used 
by all of them was the direct estimation of the osmotic pressure, by 
means of a membrane permeable to salts, but not to hemoglobin. The 
method involves a relatively large error, because the quantity measured 
is small. It is doubtful however whether this can explain the dis- 
cordant results. 

Our work led me to believe that the divergence between the results 
of different observers was due to an aggregation of the hemoglobin 
molecules by the salts present in the solution, a consequent lowering of 
the number of molecules, and an increase in the average molecular 
weight as observed by the osmotic pressure method. To test this 
hypothesis I have applied it to several of the dissociation curves 
obtained by Barcroft and Camis with hemoglobin in solutions of 
various salts, and with hemoglobin prepared by Bohr's method. 

The equation for the reaction would be 


Hb +0, — HbO,, 
Hb, + nO, = Hb, Om, 


where Hb, represents the aggregate of n molecules of Hb. I have 
supposed that in every solution there are many different sized 
aggregates, corresponding to many values of n. 

If there were in the solution only Hb and Hb, the dissociation 
curve would be 


K Ka 


where x / is as Hb,, (100 — ) as Hb, K is the equilibrium constant 
of the reaction Hb, + 20, Hb,O, and K that of Hb + O, 2 H bo, 
K has the value 125 (Barcroft and Roberts). 
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Now in the figure is given the dissociation curve of Bohr's 
hemoglobin. The points [©] are those given by Barcroft and Cam is. 
The continuous curve is calculated by myself from the formula given 
above where 

X= 62, K = 0011, K=125, 


& 


© / saturations observed by Barcroft and Camis. 
The continuous curve calculated from equation (A). 
x % saturations calculated from equation (B) with n= 1-405, K = 01455. 


The curve fits the points remarkably well. 

Again, I have taken Barcroft and Camis’ curve for hemoglobin in 
Na,HPO,. The calculated results are obtained from the formula (A) 
above where 
+848, K’=0236, K 125. 


mm. O, tension 10 16 20 25 80 
observed % saturation 67°5 81 87 90°5 93 95 99°5 
calculated saturation 68 ˙2 81°3 87°83 91 98 
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Now it is unlikely that in either of these cases there is only 
Hb and Hb,: and as the calculation of the constants in these 
equations is very tedious I decided to try whether the equation 


Kar 
y= 100 K * (B) 


would satisfy the observations. 

My object was rather to see whether an equation of this type can 
satisfy all the observations, than to base any direct physical meaning on 
nand K. As I show below all the experiments agree with this formula: 
and therefore there is no doubt that they will agree with the more 
general formula 


K. 
y= 
if the constants are chosen W 


This represents the most general form of the dissociation curve on 
this hypothesis. 


L. Bareroft and Camis’ curve with Na,HPO,. (Journ. of Phys. XXXIX. p. 125.) 
n= 1670, K= 0453. 


mm. O, tension 10 15 20 25 30 40 100 
observed / saturation 67°65 81 87 90°5 93 95 99°5 
calculated 682 81 87 90°7 93 95°5 99 


with NaHOO,. (Ibid. p. 125.) n=1-885, K= 0186. 

mm, O, tension 10 16 20 25 80 8 40 50 100 
observed % saturation 52 69˙5 79 8 89 915 985 96 99% 
caleulated 515 % 79˙ 85 98° 


III, Curve with KCl. (Ibid. p. 124.) n=2°49, K 0004. 
mm, O, tension 10 16 20 2 8 8 380 100 
observed saturation 425 63 755 845 91 94 96 90 
caleulated 886 685 78 8 986 974 904 


IV, Curve with NaCl. (Ibid, p. 122.) n=1-778, K=-0062. 
mm. O, tension 10 15 20 26 80 36 40 50 60 100 
observed % saturation 275 41 60 695 75 795 88 855 91 98°5 
calculated 985 45°8 68 672 74 788 82°7 877 908 96 


V. Curve with Ringer’s solution. (Ibid. p. 121.) n=2°111, K=-00427. 


mm. O, tension 10 15 20 2 30 40 50 100 
observed °/, saturation 86 56 70 79 85 91 94 99 
@aloulated 


855 566 72 845 O48 986 
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VI. Curve, 1 drop of NHJ,00, to 80.0. of solution. (Ibid. p. 121.) 2 
K= 000287. 


mm. O, tension 20 11 — 95 05 — 87 — 
observed °/, saturation 90 7265 79 — 8 25 — 96 — 99 
calculated 78 72 — 98 929 — 2062 — 991 


VII. Barcroftand Roberts’ curve for dialysed hwmogloblin. (Ibid. p. 146.) n=1, 
K='125. 


Thus the equation above satisfies all the observations given by 
Barcroft and Camis. This in itself is a gain, as instead of a curve 
we have now two constants n and K, and the effect of any given 
treatment on the dissociation curve can be estimated as a numerical 
effect on n and K. 

Experiments are being done by Barcroft and myself using this 
method. The advantage of this method of analysing the results is that 
much labour is saved: two observations can give the two constants for 
any curve, and then the rest of the curve may be calculated. 

There is also the theoretical interest that the observations can be 
made to fit curves of the type required by the hypothesis of an aggre- 
gation of the molecules of hwmoglobin to form larger molecules. 

These dissociation curves seem therefore to be a useful method of 
inquiring into the nature and properties of colloidal solutions. The 
constants n and K can be calculated from six well chosen observations 
with practically no liability to error: and the effects of various external 
conditions on these two constants may very probably have a direct and 
important physical meaning. By the aid of the laws of chemical statics 
and dynamics this chemical reaction (with O,) of colloidal matter may 
be made to give us some further insight into the nature of the laws 
that govern colloidal solutions. 
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On pancreatic lipase. I. The accelerating action of hemo- 
lytic substances and their inhibition by cholesterin. By O. 
Rosennem, Ph. D., and J. A. SHaw-Mackenzig, M.D. 


(From the Physiological Laboratory, King's College, London.) 


Before studying the lipoclastic' enzyme of the pancreatic juice, it 
was thought advisable to investigate that of the organ itself, as it was 
hoped to throw in this way some light on the origin of the enzyme. 
A general idea seems to prevail that extracts of the pancreas are 
unsuitable for the study of its lipoclastic activity and modern workers 
have therefore usually employed the pancreatic tissue itself, obtained as 
a dry powder after treatment with alcohol and ether. In the course of 
our work we found that not only are strongly lipoclastic glycerin 
extracts of pancreas readily obtainable, but that the enzyme retains its 
activity in this condition apparently as well as any enzyme. We might 

mention that an extract prepared a year ago is as active now as 


Following the recommendation of H. E. Armstrong (Journ. Chem. Soc. vt. p. 528, 
1890) the term lipoclastie instead of lipolytio is used throughout. The term 
**aymolyte” proposed by A. 8. Loevenhart and G. Peirce (Journ. Biol, Chem. Ul. p. 409, 
1907) has been adopted by us to designate the substance upon which any enzyme acts. 
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Note on the survival of an excised muscle under aseptic 
conditions. By G. R. Mens. 


7 In comparing the duration of excitability of muscles immersed in 
various saline solutions, I have encountered the difficulty that in the 
more favourable solutions the experiment is frequently terminated by 
putrefaction about the third or fourth day. 

Overton’ has recorded an experiment in which a frog’s sartorius 
remained excitable for twelve days in a solution containing 4% sodium 
chloride and 1°/, boric acid. It seems probable that this remarkable 
prolongation of the survival period is to be attributed to the antiseptic 
action of boric acid, an explanation which is supported by the experiment 
I have to describe. 


2 


Fig. 1. Fig. 2. 

Fig. 1 is a sketch of the apparatus designed to keep the muscle 

sterile. Two stout platinum wires, A and B, are fused into the wall of 

a glass tube fifteen centimetres long and three centimetres in its widest 

diameter. The wire A is bent into a loop to support the pelvic 
1 Overton. Pfliiger’s Archiv, Toll. p. 244. 
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attachment of the muscle. D and E were intended for the introduction 
of liquids and gases and were closed by rubber tubes and screw clips. C 
was tightly plugged with sterilised cotton wool, The apparatus was 
filled with sterilised Ringer's solution, placed in a steam bath for an hour 
at. 100°C. and allowed to cool. The sartorius; removed with aseptic 
precautions from the leg of ‘a freshly pithed frog, had a glass weight 
tied to its tibial tendon and was placed in the apparatus so that the 
piece of the pelvis excised with it rested in the loop of the upper platinum 
wire, while the lower wire touched the middle of the muscle. The case 
to which I desire to call attention is that of a sartorius, which, treated in 
the way described, retained its excitability for three weeks after excision. 
The solution used contained 68% NaCl, 025% KCl and 025% CaCl, 
in glass-distilled water. No attempt was made to oxygenate the 
solution. The extremes of temperature to which the muscle was exposed, 
as recorded by a maximum and minimum thermometer placed close to 
the apparatus, were 6° and 16°, The mean temperature was nearer the 
higher than the lower of these limits. The excitability of the muscle 
towards tetanising currents slightly increased during the first few days 
and then remained fairly steady till the eighteenth day. The photo- 
graphs reproduced in Fig. 2 were taken on the nineteenth day and show 
the muscle at rest and during the passage of a tetanising current. At 
the end of the twenty-first day the response was feeble and on the next 
day it was absent. The muscle presented a granular appearance: it was 
entirely odourless. On histological examination the fibres were found 
to be broken up into discs arranged in many places with great 
regularity and obvious under a low power. 

It is hoped that by modification of the solution these changes and 
the loss of irritability may be further postponed. 


The action of organic acids on muscle as a function of 
chemical change. By V. H. VII and A. D. WALLER. 


In the course of our investigations on the action of various drugs and 
chemical compounds on muscle we have examined certain organic acids. 
In the present communication it is desired to give a preliminary 
account of results, so far obtained, which are regarded from the point 


of view that a chemical change takes place between the acids and the 
muscle-stuff. 
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when freshly prepared. The results communicated in the following 
preliminary notes were obtained with such extracts. 

Our usual procedure is to mince the fresh pancreas of the pig and 
mix it with two parts of glycerin. In order to make the conditions as 
uniform as possible we always used between one and two kgs. of 
pancreas. After leaving it in contact with the glycerin for 24 hours, a 
strongly active extract is invariably obtained by straining the material 
through muslin. The slightly acid reaction of the extracts, which was 
supposed by Griitzner and by Gam gee to destroy the enzyme, seems to 
be due to fatty acids split off from the fat of the pancreas itself and 
does not inhibit the activity of the enzyme. The extracts thus obtained 
are always turbid and we are therefore dealing with fine suspensions. 
If one attempts to obtain a perfectly clear extract by filtration, either 
before or after dilution with water, the filtrate invariably was found to 
be practically inactive. 

The physical condition of the zymolyte was found to be of the 
greatest importance for the action of lipase, a factor which has been 
neglected by many of the earlier observers and which may partially 
explain the negative results described in literature. The following 
experiment serves to illustrate this fact. In both cases 1 c.c. of the 
glycerin extract diluted with 5 c.c. of water was allowed to act for 
44 hours at 37°C. The amount of 1 NaOH required to neutralise the 
fatty acids set free by the enzyme was 13 c.c. in the case of unemulsi- 
fied olive oil and 18˙2 c.c. when the same oil was used in a state of a fine 
emulsion. We effected emulsification of the oil by carefully neutralising 
the small amount of free acid present even in the best commercial olive 


oil. (0°4—0°8 c.c. 5 NaOH per 5 c.c. oil were usually necessary.) The 


effect of other emulsifying agents, egg white, the sodium salt of arabic 
acid, gum arabic, gum tragacanth was also investigated. 

As zymolytes we used mainly olive oil as a type of a triglyceride and 
ethylbutyrate as a representative of the lower fatty acid esters. The 
action of pancreatic lipase on lecithin and kephalin was also investigated. 
The method for measuring the degree of lipolysis consisted in in- 
cubating a mixture of the zymolyte and the diluted extract for a given 
time (usually 18-24 hours) and estimating the amount of fatty acids 


liberated by titration with 10 alkali, using the necessary precautions 
and carrying out all the experiments in duplicate. 
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One of the most interesting facts known about pancreatic lipase is 
the acceleration of its activity by bile salts. The consideration that 
bile salts are well known haemolytic agents, together with the evidently 
intracellular nature of the lipoclastic enzyme, suggested an investigation 
of other hemolytic substances in this connection. Hmmolysins, as far 
as their chemical nature is known, include water, organic solvents like 
ether, alcohol, etc., soaps, bile salts and glucosides. 

We have studied the action of most of these substances on the lipo- 
clastic activity of pancreatic extracts and found that they all possess the 
power of increasing the same. The following table shows some of the 
results, The effect of increasing quantities was systematically investi- 
gated, but only the maximum results are given here. 1 cc. of the 
extract and 5 ¢.c. of the olive oil emulsion were used in each case. 
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The observation was made that the zymolyte exerted a protective 
action on the enzyme, and this to such a degree that even the most 
energetic accelerator, sodium cholalate, had no action when added to a 
mixture of olive oil emulsion and enzyme, but in most cases more than 
doubled the lipolysis when added to the enzyme first. This behaviour 
may be considered as an indirect confirmation of the view that a 
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combination of the enzyme with its zymolyte precedes enzyme action, 
and further that the accelerator acts directly on the enzyme. The 
following table demonstrates the dependence of the accelerating action 
on the order in which the addition of the substance in question (in this 
case sodium cholalate) is effected. 


N 
NaOH 
C. c. C. c. c. c. c. c. 
1 5 — 5 — 28°1 
1 1 5 50°6 
5 
1 5 1 5 25°6 
— 


Continuing further the analogy between hemolysis and lipolysis, 
we studied the action of cholesterin. Since it has been shown by 
Ransom that cholesterin inhibits hemolysis by saponin, the same 
action has also been demonstrated for soaps, bile salts and other 
hemolysins. We found that cholesterin inhibits to a marked degree 
the acceleration of the lipoclastic activity by bile salts as well as by 
the other substances investigated (water, alcohol, sodium oleate, saponin, 
digitonin). Taking again sodium cholalate as a type of the accelerators, 
the inhibitory effect of cholesterin on it is shown in the following table. 
A fine cholesterin suspension in water was used and added to the 
accelerator before the addition of the zymolyte and enzyme. 


Cholalat = NaOH 
C. c. C. c. c. c. c. c. c. c. o. c. 
0-5 2-5 — = 6 78 
2:5 i 2 10 
0-5 i — 2 55 


Although the suggestion is obvious to bring the accelerating action 
of these substances into relationship with the intracellular nature of 
lipase, it might also be explained by the physical effect exerted by 
many of them on the degree of emulsification of the zymolyte. The 
absence of the accelerating action, however, in those cases where the 
accelerator is added to the mixture of zymolyte and enzyme, speaks 
against this explanation and seems to be in favour of the view that 
the accelerator acts directly on the enzyme. The separation of the 
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pancreatic lipase from its co-enzyme (see later) makes it possible to 
attack this question experimentally. 

Whatever its final explanation may be, at present it seems justifiable 
to point out that the accelerating effect of bile salts on lipase is not 
an isolated fact, but is shared by a great many other substances, which 
have also in common a hemolytic action and further that in analogy to 
the protective action of cholesterin in hemolysis, this lipoid has a similar 
effect in lipolysis. 


on pancreatic lipase. II. The action of serum on pan- 
creatic lipase. By O. and J. A. 


Investigating the lipoclastic activity of serum we were able to 
confirm previous statements on this subject, namely that a true fat- 
splitting enzyme does not occur in serum, whilst even the action of what 
might be called a butyrase on the esters of lower fatty acids is a feeble 
one. During the course of this work, however, we made the observation 
that serum, although not possessing any fat-splitting action by itself, 
increases in a remarkable way the lipoclastic activity of the pancreatic 
lipase contained in extracts as well as in pancreatic juice. This 
property is possessed to a greater or less degree by all the animal sera 
which we examined, namely horse, ox, pig, dog, cat, rat, mouse, marmoset. 
To give an example it was found that 2°5 C. o. of cat’s serum added to a 
mixture of 5 c.c. of olive oil emulsion with 1 cc. of water and 0°5 c.c. 
of,pancreatic lipase (glycerin extract) increased the lipoclastic action of 
the latter four times. 

This accelerating action of serum is not specific in so far as the 
lipolysis by means of pig’s lipase is increased in the same way by the 
serum of the pig as well as by that of other animals, whilst on the 
other hand the lipase of the ox is also acted upon by the serum of the 
pig. On examination of normal human serum, we found its accelerating 
power as compared with the same small quantities of animal sera only 
about half of the latter. In certain pathological conditions, however, 
this reaction is increased to double and even four times that in the 
normal state. In addition to serum we also examined normal cerebro- 
spinal fluid of the dog as well as of cases of general paralysis; these 
were found to be practically inactive. Serous effusions, however, showed 
the reaction to a marked degree. We also examined a series of press 
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juices of various organs and found (in the absence of a lipoclastic action 
of the juice itself) an acceleration in the case of the testicle and 
thyroid, whilst in the case of duodenal press juice the result corre- 
sponded to the sum of the lipoclastic action of pancreas and duodenum. 
In the case of glycerin extracts those of the spleen, testicle, thyroid, 
ovary were found slightly active, whilst no acceleration was obtained 
in the case of glycerin extracts of lymphatic glands and prostate. 

With regard to the chemical nature of this accelerating substance 
in serum it may be said at present that it dialyses and is soluble in 
dilute alcohol, It seems to withstand the temperature of boiling water’. 
and is not destroyed by putrefaction. An important property of the 
accelerator was brought to light by the investigation of its behaviour 
towards cholesterin, which in all cases was found to exert an inhibitory 
action. 

By adjusting the conditions of the experiment in such a way as to 
reduce the amount of pancreatic lipase and the zymolyte (oil emulsion 
or ethylbutyrate) to a minimum we were able to show the accelerating — 
power of as little as Olcc. of serum. In this way one is able to 
compare the degree of lipoclastic acceleration of serum in health and 
disease. As a matter of fact our first observation was made in a case 
of carcinoma, The result in this case may be given as a type of this 
reaction (see following table). 


Oltve oil Acceleration 
— Water Serum required by Serum 
cc. o. e. 
0-25 20 5 0°5 — 7˙6 — 
0°25 2˙5 0°25 + 
0°25 25 0˙5 0˙5 19˙4 +118 


In similar experiments with normal human serum the acceleration 
was found to be on the average 2°8 for 0°25 C. serum and 45 for 
0'5 serum. 

According to experiments on the antitryptic power of serum made 
concurrently with this work, it may be stated that this latter seems to 
run parallel with the lipoclastic acceleration. Our results, however, are 
not yet sufficiently numerous to allow of a definite conclusion, and the 
question is being further investigated by one of us (J. A. S.-M.) in its 
application to pathological conditions. 


1 In some cases we found it weakened or even destroyed by boiling. This may have 
been due to changes in the alkalinity. 
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On pancreatic lipase. III. The separation of lipase from 
its co-enzyme. By O. RosENHELM. 


In the preceding communication it was mentioned that a strongly 
lipoclastio glycerin extract of pancreas was found to be inactive after 
careful filtration. This holds true for both the diluted and undiluted 
extract and agrees with most of the previous statements in literature. 
Owing to this behaviour the lipoclastic enzyme of the pancreas is now 
generally considered as an intracellular enzyme. No attempt seems to 
have been made to examine the fraction of the extract which remains 
behind on the filter, probably owing to its small amount and its 
uninviting physical properties. 

The observation was made that on diluting a glycerin extract of 
pancreas with water and allowing the milky fluid to stand, a bulky 
white precipitate settled, whilst the supernatant fluid became perfectly 
_ Clear. As the latter was found to be inactive, it was hoped to obtain 
the active enzyme from the precipitate. 

To test this point a number of experiments were made on a small 
scale. Amounts of 5 cc. of the diluted extract were filtered under 
pressure through a layer of paper pulp and a perfectly clear filtrate was 
obtained. Both filtrate and paper pulp with its contents were tested 
separately with regard to their lipoclastic action, a corresponding 
amount of unfiltered extract serving as a control. The somewhat 
surprising fact was found, that the insoluble residue was practically 
inactive. In order to avoid a possible inhibitory action of the paper 
pulp, the experiments were repeated by simply effecting the separation 
of the precipitate by means of the centrifuge. The same result was 
obtained. 

On mixing, however, either the paper pulp residue or the centri- 
fugalised deposit with the clear fluid the two previously inactive 
constituents of the mixture exerted the same lipoclastic power as the 
control unfiltered extract. This behaviour is clearly shown in the 
following experiment. 10 c.c. of glycerin extract were diluted with 
40 c.c. water. 5 C. of the dilute extract were used for each experiment 
and allowed to act on 5 c.c. of olive oil emulsion for 18 hours at 37° C. 


7 ec. jy KOH required 
Dilute Extract 181 

$+5 c.. water! 10 
Centrifugalised Fluid + Deposit 18°0 


. The slight activity of both fluid and deposit is probably due to the difficulty of their 
complete separation by this method. 
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It was further found that the activity of the filtrate was not 
diminished by boiling, whilst the potential energy of the residue was 
destroyed by heating. See following experiment. 


Centrifagalised Fluid + heated Deposit 3˙1 
Centrifugalised Deposit + heated Fluid 26°38 
Uncentrifugalised Extract 


It seems therefore that pancreatic lipase is a complex enzyme which 
can be separated into two inactive fractions by mere filtration through 
filter paper, a fact which has so far not been observed in any other 
enzyme. The only analogous cases recorded in literature are that of 
the esterase of the liver and that of yeast zymase. In the case of liver 
esterase Magnus separated his co-enzyme by dialysis, whilst in the 
second case Harden and Young obtained a separation by dialysis as 
well as by filtration through a Martin-gelatin filter. Following the not 
altogether satisfactory terminology now in general use, the term co- 
enzyme of pancreatic lipase is proposed for the substance contained in 
boiled aqueous or glycerin extracts of pancreas. 

The inactive lipase can be easily obtained as a dry powder. Care 
was taken to remove the soluble proteoclastic enzymes completely by 
washing with water and fat as well as cholesterin-like substances by 
subsequent extraction with alcohol, aceton and ether. The yield of dry 
inactive lipase, free from proteoclastic enzymes, fat, etc., varied between 
0˙2 and 0˙5 °/, of the glycerin extract (0°6 to 1°5°/, of the organ). 

In order to obtain a solution of the co-enzyme free from proteo- 
clastic and other enzymes the clear supernatant fluid obtained as above 
was boiled and filtered. In order to keep it in a convenient form the 
solution was concentrated to a fifth of its volume. The co-enzyme may 
also be obtained directly from the pancreas by extraction with water 
and freed from enzymes and coagulable proteins by boiling and subse- 

quent filtration. 
Many experiments have shown that the activity of the mixture of 
inactive lipase and co-enzyme is as great as that of the original pan- 
creatic extract and it can be demonstrated by using as little as 5 mg. of 
the dry powder mentioned above. 

With regard to the chemical nature of the co-enzyme it may be 
stated that it dialyses readily, is thermo-stable and seems to be soluble 
in dilute, but not in absolute alcohol and insoluble in ether. Its 
activity is lost on incineration of the active dialysate. 

separation oo-enzyme and inactive lipase makes it possible to 
3 aotion Abeta ks results of experiments, which will be communicated 
later, showed that sodium cholalate had no action on the co-enzyme, but possesses a 
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powerful activating action on the insoluble lipase, in the course of which the latter is 
rendered soluble. The supposed activating effect of lecithin (and kephalin) was not 
confirmed, but it was found that one of the cleavage products of lecithin, namely glycero- 
phosphoric acid (as a sodium salt), induces a remarkable activation. Choline as hydro- 
chloride or as the free base, cannot act as an activator, but brings the insoluble lipase into 
solution, a fact which will be farther examined in connection with the state of inactive 
lipase in pancreatic juice, Acids and alkalis were found to be inactive. 


The effect of serum on pancreatic lipase, recorded in the preceding 
communication, made it desirable to investigate its action on inactive 
lipase. Both normal animal and human sera were found to activate 
the inactive lipase to a remarkable degree. Their effect is shown in 
the following table. The inactive lipase was used as a fine emulsion in 
water (1 c., containing 10 mgs.) ; 5 c.c. olive oil emulsion were used in 


each case. 
cc. jh KOH required 
Inactive Lipase (10 mgs.) +6 c.. Water 0-9 
Co-enzyme Solution (5 o. c.) +1 ¢.c. Water 0-9 
Inactive Lipase + Co-enzyme + 1 c.c. Water 20-2 
Inactive Lipase + 1 c.c. Human serum +5 c.c. Water 29°2 
Inactive Lipase +1 c. e. Dog’s serum +5 c.. Water 81-4 


It will be seen that the activation by the serum is greater than that 
induced by the amount of co-enzyme used in this case. It was found 
that serum also activates the inactive lipoclastic enzyme of fresh 
pancreatic juice of the dog as obtained by the injection of secretin. 


juice Water Serum ROM required 
1 0.0. 5 6.0. | — — 0˙2 
10.0. 5 0. o. Sac. — 2˙0 
1 0.0. 5 0.0. 40.0. 1 0.0. 39˙6 


These facts justify the assumption that the co-enzyme of pancreatic 
lipase is of the nature of a hormone, being carried away by the blood 
when produced in the pancreas. It may possibly play a réle in enabling 
the lipases of the tissue to hydrolyse the fat carried to them by the 
blood-stream after digestion. In analogy to proteins and polysaccha- 
rides it may be assumed that the hydrolysis of fats precedes their 
oxidation or storage in the tissues and the existence of a lipoclastic 
co-enzyme in serum suggests its possible function in the process, so 
2 2 occurring during the disappearance of fat from 

lood. 
It will also be interesting to study the effect of serum on inactive 
lipase in relation to hemolysis, especially since it has been shown by 
Neuberg and others that the phenomena of hemolysis are closely 
associated to those of lipolysis. — 
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The solutions were made up initially of n/10 concentration, and 
titrated, when possible, with a n/10 sodium hydroxide solution, phenol 
phthalein being used as the indicator; these original solutions were 
subséquently diluted suitably for the application of the muscle method. 
The temperature at which the experiments were conducted was about 
18°. The results are collected together in the following table. In 
line I the acids are given, in II the concentrations expressed in terms 
of normality, in III the percentage strengths and in IV the times of 
abolition of muscular contraction expressed in minutes. 


TABLE I. 
I 11 IV I 1 IV 
Formic 100 0-046 11 | Malic 50 0-268 7 
* 200 0-028 27 se 100 0-184 12 
Acetic 50 0-12 4 | Tartaric 50 0-30 45 
5 100 0-06 12 a 100 0-15 7 
8 200 0-08 28 ui 200 0-075 21 
Propionic 100 0-074 16 | Citric 50 0-884 7 
rs 200 0-087 48 ge 100 0-192 18 
Butyric 50 0-176 4 | Salicylic 50 0-276 4 
8 100 0-088 12 a 100 0-138 15 
Oxalic 100 0-09 7˙8 . 200 0-069 1 
3 200 0-045 24 | Hippuric 100 0-165 10 
Malonic 100 010 7 1 0 200 0-083 18 


The time required for abolition in the case of n/200 hydrochloric acid 
was found to be 10 minutes. Certain of the above results for the same 
molecular concentration, calculated out in terms of hydrochloric acid 
= 100, work out as given below in line II, and for the sake of 
comparison the relative affinities or acidities for the same acid as 
determined by Ostwald from physico-chemical methods are given in 
line III. 


TABLE IL. 


. i 

4 2 
I 1 III 
Acid Muscle method Physico-chemical | 1 
method 
Hydrochloric 100 100 
Tartaric 47-6 22 
Oxalic 19°7 q 
Formic 87 13 3 
Acetic 86°65 0-4 
Propionic 20 03 | ] 
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It will be observed that the relative values in terms of the standard 
for the organic acids are of a higher order by the muscle method than 
by physico-chemical methods, but with the exception of oxalic acid the 
relative position of the several acids is the same. Propionic acid by 
this method also shows the peculiarity of being a weaker acid than 
any of its homologues, a fact which has been fully determined, and 
commented upon by writers on physical chemistry. 


On the Action of Nicotine and Other Pyridine Bases upon 
Muscle, and on the antagonism of nicotine by curarine. By 
V. H. Vevey and A. D. WALLER. 


Nicotine (mol. wt. = 162) as such, or in the form of salt as nicotine 
tartrate, produces a very characteristic effect upon the contraction of 
isolated muscle. 


The following is characteristic :— 


Action of nicotine tartrate. Sept. 22, 1908. 


Its toxic power upon muscle as compared with that of other sub- 
stances that we have dealt with is of the following order, i. e. 
approximately 4 that of quinine and considerably greater than that of 
curarine. 3 


Aconitine 10,000 
Quinine 100 
Nicotine 33 
Strychnine 12 
Curarine 5 


The effect on muscle, characteristic of nicotine, is not produced by its 
parent base pyridine nor by picoline nor by piperidine, The order of 
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toxicity upon muscle of these substances, as compared with that of 
nicotine, is as follows: 


Nicotine 100 
Piperidine 50 
Pyridine 10 
Picoline 10 


As has been indicated by Langley, there is an antagonism between 
nicotine and curare; using a solution of pure curarine iodide prepared 
by Prof. Boehm we find that the characteristic effect of nicotine upon 
muscle is abolished when the proportion of curarine to nicotine, 
reckoned by molecules, is 2 to 1, 30 to 1 and 160 to 1. With this last 
proportion a trace of nicotine effect can still be detected. In the case 
of other poisons, viz. strychnine, quinine and aconitine of which the 
effect per se upon muscle considerably exceeds that of curarine, there is, 
in a sense, an antagonism as shown by abolition of the characteristic 
nicotine effect, but the abolition requires a greater mass of these more 
powerful poisons than is sufficient in the case of the less powerful 
poison—curarine. Thus, approximately, whereas 1 mol. of curarine can 
overpower upwards of 100 mois. of nicotine, it requires 1 mol. of strych- 
nine or of quinine to overpower 1 mol. of nicotine, and 1 =e. of 
aconitine can overpower at most 10 mols. of nicotine. 

But in these cases, the result appears to us to be intelligible as an 
effect of subdivision of muscle stuff between two poisons similar to the 
case of the subdivision of an acid between two bases; but this explana- 
tion is hardly applicable to the case of the antagonism of the strong 
poison nicotine by the weak poison curarine. 


Salivary Adaptation. By Jupau L. Jona, B.Sc. (Adel.). 


(From the Physiological Laboratory, University of Melbourne.) 
Communicated by Professor W. A. Osborne. 


(Preliminary Communication.) 


Normal saliva does not contain any invertase, but whether the 
salivary glands can produce such a ferment in response to the ingestion 
of cane sugar has not to my knowledge been investigated. If the mouth 
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be washed out with some mild germicide as thymol, then some normal 
saliva (A) collected as a control, as by sucking a glass bubble, and then 
a few (5 or 10) gms. of cane sugar be chewed, and the saliva produced 
(O) spat into a measuring cylinder, and then the control saliva made up 
with cane sugar to the concentration of this saliva, one part of the 
saliva produced from chewing the cane sugar being boiled (B) as a 
second control, and the three lots of saliva placed in a water-bath 40° C. 
for say $ hour. On then testing with Fehling or Trommer 


A gives no reduction, 


B „ slight 
„marked „ 


the slight reduction in B being probably due to interaction which has 
occurred before boiling. 

Experiments have been performed with pure saccharose, properly 
controlled in all cases; mucin was removed before testing, and 
precautions taken against bacterial action, and the same result was 

always obtained, 
The quantitative results are however very small, Experiments 
were also performed by allowing the reaction to occur in acid and 
alkaline media to see if the small results normally obtained were due to 
a proferment, or whether the ferment acted better in an acid or alkaline 
medium. Proper controls showed that the reaction was not increased 


by the action of dilute acid, but that the presence of alkali (v6 
diminished it. 

These experiments were performed with saliva obtained from myself. 
On trying other people, it was found that the reaction was practically 
absent in some, poor in others, but well marked in others; so that, 
until a large number of people are investigated, and the cause of these 
differences made out, no absolute general statement can be made. 

The ferment is destroyed by contact with 95% alcohol for 1 hour, 
but is active even after standing under 47 / alcohol for 7 days. 

Further experiments on this reflex are being conducted. 
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Some Observations on Fat Absorption. By F. W. Lama 
(Preliminary Communication.) 


Since Weigert’s method for myelin staining, as shown by Lorrain 
Smith and Mair’, depends on the partial oxidation of unsaturated 
groupings in the fatty acids and in certain other bodies by the chromic 
salt, it demonstrates not only the presence of unsaturated compounds, 
but can be standardised to show the relative facility of oxidation of the 
fatty complexes present in various tissues. 

It was thought that the application of this method might be of use 
in the microchemical study of fat absorption in these two directions. 

The materials used were suckling kittens, the tissues fixed in formol 
were cut frozen; series of sections were treated with solutions of 
potassium bichromate of different strengths both at room temperature 
and at 37°C. At intervals of 24 hours or longer sections were removed, 
washed in water, stained in Kulschitsky’s hematoxylin for 24 hours, and 
differentiated in borax-ferricyanide, and were mounted in Farrants’ 
medium. For the purpose of comparison fat in other situations was 
examined, In all cases comparisons were made between tissues from 
the same animal after treatment under similar conditions, The main 
results were as follows: 

(a) Whenever fat absorption was proceeding in the stomach, the 
fat globules showed a surprising readiness of staining, ie. of oxidation, 
more especially those in the epithelial cells. 

(6) The fat globules in the intestinal epithelium, and in the 
connective tissue below, stained readily but at a slightly later period 
than those in the stomach. 

(c) As compared with the depot fat of the mesentary, the fat in 
the gastric mucosa was incomparably easier to stain, that in the 
intestinal mucosa was in most cases easier, especially when absorption 
was very active, as evidenced by the amount of fat shown by other 
stains, e.g. Scharlach. 

(d) Fat globules in hepatic and renal cells were much more 
difficult. to stain. | 

(e) The only region in the organs examined, where staining, 
comparable as regards rapidity, was found in the cortex of the 
suprarenal. 


1 “An investigation of the Principles underlying Weigert’s method of Staining 
Medullated Nerve.” Journal of Path. and Bact. x1. 1908. 
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The following gives examples from different series : 


A. Treated at 37° C. 


(%) Bichromate saturated at 37°, 


Stomach 24 hours, well marked. 
Intestine ditto, well marked. 
Mesenteric fat, fairly well stained in 24 hours. 


(2) 1% bichromate, 


Begins Well marked 
Stomach 3 days 10 days. 
Intestine 4—5 days 13—14 days. 


Kidney, negative up to 18 days. 
B. Treated at room temperature. 
(1) Saturated bichromate, 


Begins Well marked 
Stomach 24 hours 4 days. 
Intestine 4 days. 

(2) 2% bichromate, 

Begins Well marked 
Stomach 2 days 5 days. 
Intestine 5 days 8 days. 
Mesenteric fat 8 days, 


in some on 14th day, 
(3) 0˙2 % bichromate, 


Begins 
Stomach 7 days. 
Intestine 7 days fainter than stomach. 


Mesenteric fat 9—16 days. 


Lorrain Smith and Mair have shown that the unsaturated and 
fatty acids do not stain by this method, that the unsaturated series stain 
with varying facility, but that mixtures of fatty acids and cholesterin in 
molecular proportions stain with extreme ease. Such mixtures show 
myelin forms and anisotropic globules (Powell White’). In their 


investigation the temperature employed was 37°C., and the mounting 
medium Canada Balsam. 


a eee Journal of Path. and Bact. 
xl. 
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To obtain comparisons with the present series the following pure 
chemicals were treated on cigarette paper with saturated bichromate at 
room temperature, stained, differentiated and mounted in Farrant’s 
medium, the results were as follows: 

Oleic acid, negative up to 5 days, but still incomplete at 21 days. 

Triolein, negative up to 9 days, fainter than the oleic acid on the 

21st day. 

Lauric acid, always negative. 

Oleic acid and cholesterin, faint stain in 1 day and well marked 

in 5 days. 

Lauric acid and cholesterin, well marked in 9 days. 

This series brings out the following points: 

(1) The mixtures of fatty acid and cholesterin stain easily. 

(2) The delay in the staining of lauric acid and cholesterin, as 
compared with the oleic acid mixture, I attribute to the higher melting 
point. 

In order to observe if unsaturated compounds were associated with 
the absorbed fats, I fed winter frogs (January) with saturated fat 
(tributyrin), and I found that after intestinal absorption the fatty 
globules became easily stainable by Weigert’s method, and also by osmic 
acid; the samples used were found to be unstainable by the cigarette 
paper method. 

Both these stains show therefore the presence of “ unsaturation ” in 
the intracellular globules. | 

On what grounds the facile staining of the absorbed fat on the 
kitten’s alimentary canal is to be explained, I am not quite prepared to 
say. Two views might be suggested : 

(1) That the fats after absorption become desaturated, or, 

(2) That possibly cholesterin is associated with the process. 

The latter alternative is suggested by the short period required for 
bichromating in order to obtain staining. In this connection the 
behaviour of the adrenal lipoid is worthy of note. The cortex fat is 
associated with cholesterin and shows many peculiarities. In the 
opinion of Powell White fatty acid-cholesterin mixtures are present. 

In consonance with this I have found that this lipoid stains with 
extreme readiness, beginning to stain at room temperature in 24 hours. 
The staining reaction in the stomach is quite comparable with this. 
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The absorption of fat by the gastric mucosa is especially worthy of 
note; presumably taking place from an acid medium, it does not seem 
likely that soap formation plays a part. It occurs right up to the 
cardiac orifice in the kitten’s stomach. I am engaged in investigating 
this point more closely. 

That the fat here is in a peculiar condition is, I think, shown by Nile 
blue staining. The globules turn blue rapidly, showing their acid 
nature, while those in the intestine from the same animal, treated in 
the same manner, show at most a red-purple colour, How far this 
indicates an ante-mortem condition, it is hard to say, but it shows at 
least that in the stomach epithelium the fatty acid is more readily set 
free from any combination in which it exists. 

As cholesterin-fatty acid mixtures readily give myelin forms and 
anisotropic globules’, the above experiments were supplemented by 
searching for their presence. 

Owing to the small size of the globules, it is difficult to obtain 
certain results with the polarising microscope. 

In the kitten’s intestine I have been able to observe anisotropic 
globules in the cells. 

The main conclusions to which I have come are: 

(1) Weigert’s method, as modified by Lorrain Smith and Mair, 
affords a valuable means of investigating the relative ease of oxidation 
of lipoid globules in the tissues. 


(2) Fat absorption takes place in the stomach of kittens fed on 
their mother’s milk. 

(3) The fat in the epithelium is readily oxidised, 9 that in 
the gastric mucosa. 

(4) The stomach fat more readily shows a0 acid reaction to Nile 
blue than the intestinal. 

(5) The rapidity with which the fat reaches the stainable stage of 
the bichromate method, and the occurrence of anisotropic globules can be 
explained by the association of cholesterin. 

(6) Saturated fats after absorption can be stained, this may be due 
to the presence of cholesterin, or to a process of desaturation. 

I have to thank Professor Lorrain Smith for valuable = and 
also Drs Mair and Powell White for their advice. 


* “Cholesterol-fatty acid combinations.” Powell White, Proc. Physiol. Soc., 
Dec. 19, 1908. 
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A method of titrating physiological fluids. By G. S. WaTrolx. 


In the process of titration the “end-point” is, theoretically speaking, 
a certain definite H- or OH’ ionic concentration. In practice an indicator 
is used to visualise this. When dealing with colourless solutions of 
well-dissociated acids and bases the change of H- ionic concentration as 
the neutralising solutions are mixed is rapid and the use of an indicator 
presents no difficulty. 

Physiologists, however, are frequently called upon to titrate fluids 
which are coloured and contain feebly dissociated materials. A method 
of doing this is given by S. P. L. Sörensen! in bis excellent survey of 
this problem. He has gone into the subject thoroughly and has 
prepared a number of standard mixtures the H' ionic concentration, 
and therefore also the OH’ ionic concentration, of which he has 
carefully measured by use of a hydrogen electrode. He recommends 
for general use, the comparison of the solution to be titrated with one 
of his standard mixtures, using the same indicator in each case and 
compensating for the colour of the fluid investigated by means of 
certain neutral dyes. 


1 f. P. L. Sörensen, Biochem. Zeitschr. XII. p. 181. 
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The modification of this method here proposed necessitates the use of 
a homely apparatus but does away with the tedium of matching the 
colours of the untitrated fluids and with the use of neutral dyes altogether. 
A second sample of the same fluid compensates for the colour of the 
solution to be titrated. The “end-point” of the titration is, as before, 
that correponding to the H’ concentration of a suitable mixture taken 
from Sérensen’s tables. 

Two similar glass cells are each surmounted by a Nesslerising tube 
and illuminated from beneath by reflection from a dull white surface. 
The room may be darkened. The tubes are filled as indicated in the 
diagram. To the tube B standard acid or alkali is added till the colours 
seen looking down the two tubes match. When they do so, the contents 
of B have the same ionic concentration as the chosen Sörensen mixture. 
The colour of the fluid titrated, the strength of the indicator solution, 
the colour of the illuminating light do not enter into the question, except 
in so far as they slightly affect the accuracy with which the “ match ” 
can be hit off. This is also facilitated by the employment of a diaphragm 
below each pair of tubes and a further improvement could doubtless 
be obtained if both beams of light were 8 by prisms to one 
eye-piece with a divided field. 

Using this apparatus the ionic *. of a feebly acid or 
alkaline liquid can be measured by Sörensen's Colorimetric method by 
an obvious modification. The cells are arranged 


D 

2 
and the Sörensen mixture in C is modified till a match” is obtained. 
The H ionic concentration of the solution in B is then that of the 
Sörensen mixture in C and can be discovered from his tables. 
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The action of the Choroid Plexuses on the Secretion of 
Cerebro-spinal fluid. By W. E. Dixon and W. D 
HALLIBURTON. 


(Preliminary Communication.) 


(From the Pharmacological and Physiological Laboratories, 
King’s College, London.) 


The experiments were performed on dogs anesthetised with urethane 
and morphine. By means of a trocar and cannula, an opening is made 
into the subcerebellar cisterna ; on the withdrawal of the trocar, a glass 
tube is connected to the cannula by a short piece of rubber tubing and 
the cerebro-spinal fluid is allowed to drip into a glass capsule. After 
the first gush of fluid, it continues to drip very slowly; the drops occur 
at longer and longer intervals and after a time, generally about two or 
three hours, no more secretion is formed. If an intravenous injection 
is made of a saline extract of the choroid plexuses, after a delay of a 
few seconds, the fluid commences to flow rapidly for a variable time, 
and then gradually ceases, The accompanying tracing shows the result; 
the lower line is a time tracing in seconds; on the upper line each 
drop as it fell was signalled by a vertical mark. The injection was 
made into the femoral vein at the time indicated by the thick mark on 
the upper line. 

A second injection produces little or no effect unless the interven- 
ing interval of time is about 10 or 15 minutes. If an arterial blood 
pressure tracing is taken at the same time, the effect of the injection 
is as a rule aslight and temporary fall of blood pressure, the usual effect 
of most tissue extracts. The respiration also is considerably accelerated, 
and sometimes a slow “vagus heart” is produced; in one experiment 
the respiration was entirely suspended for a time. Whether these 
effects on the bulbar centres are the result of the injection, or are 
secondary to the sudden withdrawal of cerebro-spinal fluid we are at 
present unable to say. We have, however, noticed that anything that 
acceleratés the respiration lessens the flow of cerebro-spinal fluid from 
the cannula; possibly the respiratory movements favour the outflow of 
the fluid by its normal outlet, which is believed to be along the roots 
of the spinal nerves. Conversely, slowing of the respiration favours the 
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To be read from left 


indicates the time during which 5 o.c. of a 1 per cent. g 


extract of choroid plexuses (sheep) was injected into the femoral vein of the dog (weight about 12 kilos). 


Tracing to show rate of flow of cerebro-spinal fluid, obtained as described in the text, The upper line signals the drops as they fell; 
the lower line is a time-tracing marking seconds. The thick mark 


secreting epithelium which covers the plexus to become active. On the 
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the cannula, inhalation of chloroform for instance producing 


a favourable effect on the flow probably in this 
manner, In our later experiments we have excluded 
the respiratory effects by giving a large dose of 
morphine and “hen performing artificial respiration 
at a uniform rate. 

The strength of the extracts we have employed 
is 1 per cent.; that is 1 gramme of the dried choroid 
plexuses to 100 c.c. of normal saline solution. The 
material is thoroughly ground up with the solution 
and clean sand in a mortar, and filtered; 5 c. of the 
filtrate produces a marked effect in a dog of about 
12 kilos, weight. In some experiments we have 
extracted the fresh choroid plexuses, with the same 
result. In a few experiments we have tapped the 
lumbar region, instead of the subcerebellar cisterna ; 
the result is the same. 

The choroid plexuses we have employed have been 
derived from ox, sheep and man. We are indebted 
to Dr Mott for the human choroid plexuses. The 
extract may be made from the fresh choroids or after 
they have been dried in vacuo. Boiling the extract 
does not destroy its activity. The active substance 
is soluble in dilute and absolute alcohol. We are 
unable to state at present what is its chemical 
nature. 

The only other extract of those so far examined 
which causes a flow of cerebro-spinal fluid is that of 
brain (dog, ox, sheep). The flow so produced, either 
by an extract of grey or white matter, is quite 
pronounced, even after the extract is boiled although 
not comparable in extent with that caused by 
choroid plexus extract. If the active substance in 
brain and choroid plexus is the same material we do 
not know. Still less prepared are we at present to 
formulate any theory of the relationship between 
the brain and the choroid plexus. It may be that 
some product of the brain’s metabolism passes to the 
choroid plexus and this hormone stimulates the 
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other hand the substance may be produced primarily in the choroid 
epithelium and its occurrence in the cerebral tissue is secondary. 

We have investigated the effect of various substances on the flow 
but so far with entirely negative results. Among the substances we 
have tried may be mentioned distilled water, adrenaline, pituitary 
extract, the cerebro-spinal fluid itself, extract of pineal gland, extract of 
pia mater, blood, serum, sodium chloride and other salts, pilocarpine 
and other alkaloids, sugar, peptone, mussel extract and other lym- 
phagogues, sarco-lactic acid, cholesterin, phrenosin, cerebrin, choline and 
several other substances obtained from brain. 


The rapid detection of emulsin, By E. FRANKLAND 
ARMSTRONG. 


The method described is based on the use of Guignard’s sodium 
picrate paper for the detection of hydrogen cyanide. This is prepared 
by immersing filter paper in a 1°/, solution of picric acid, allowing it to 
dry and dipping it in a 10% solution of sodium carbonate. The test 
paper, which is originally orange yellow in colour, when exposed to 
hydrogen cyanide becomes at first a red orange then rose red and finally 
brick red. Guignard himself has shown that it becomes orange red in 
12 hours in presence of 000005 grams of hydrogen cyanide. 

The material to be tested for emulsin is macerated with water and 
incubated for 24 hours in a corked test tube in the neck of which a piece 
of moistened paper is suspended. So long as the colour remains orange 
the absence of hydrogen cyanide is indicated. A few cubic centimetres 
of a solution of amygdalin, Fischer glucoside or phaseolunatin or other 
cyanophoric glucoside are added and the tube is again incubated. If 
enzyme be present hydrogen cyanide is produced and the paper rapidly 
becomes coloured. The speed with which the colour appears and its 
intensity give some idea of the proportion of enzyme present. 

The writer has applied the method with success to the detection of 
enzyme in various plant tissues and to the study of its distribution. 

The term “Emulsin” is used in the foregoing as connoting the 
mixture of enzymes originally discovered in almonds by Liebig and 
Wöhler. When amygdalin is used as the test material a positive 
result indicates the presence of at least two enzymes (ef. H. E. 
Armstrong and Horton). A positive test with Fischer glucoside pro- 
bably denotes g- glucase, lastly phaseolunatin serves for the detection 
of the enzyme specially adapted to this hydrolyte. | 
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The imbibition of rubber. By Martin FLack and LeonarpD 
HIII. | 


The fact that rubber swells in chloroform, benzol, etc. is an old and 
well-known one. We would draw attention to the surprising extent of 
and rapidity with which expansion and contraction can be brought 
about. 

If a thin rubber band of the size of a sartorius musole is fixed to a 
spring myograph and immersed in a beaker, and xylol or chloroform is 
introduced the rubber expands. On pouring off the chloroform and 
adding methyl or ethyl alcohol the rubber contracts. Boiling water can 
be used in place of alcohol to drive out the chloroform. The extensi- 
bility of the chloroformed rubber is greatly increased, its tensile strength 
diminished. 

After removal of the chloroform by alcohol or evaporation the rubber 
returns to its former state. 

The extent and rapidity of the imbibition is shown by these figures. 

A band of rubber approximately 5˙2 cms. long and 4 cms, broad 
became after 30 seconds’ immersion in chloroform approximately 8 5 
ems. long, and 7mm. broad. It contracted in alcohol to its original 
size in about the same time. 

A contraction of a millimetre in a second is comparable in rate to a 
muscular contraction. A slighter degree of expansion and contraction 
can be induced by blowing the vapours over the rubber band. 

Benzol and xylol are a little less efficient than chloroform and tur- 
pentine decidedly less so. 
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The spread refiex of the turkey cock. By Lzonarp 
HII. 


If a turkey cock is placed sitting on a narrow stool and the wings 
are sharply drawn downwards and forwards, the tail is spread. This 
can be repeated as often as one likes, animal behaving in this respect, 
like a mechanical doll. The same thing happens when the turkey is 
standing, but in this case the disturbance of a balance which occurs on 
pulling down the wings somewhat lessens the effectiveness of the spread 
of the tail. On lifting up and spreading the tail there occurs no reflex 
movement of the wings. The reflex only works one way. 
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Anticoagulants on frog’s blood. By HAnOLD PNLE and 
Joun Tait. (Preliminary communication.) 


Dekhuyzen has drawn attention to the existence in both 
vertebrates and invertebrates of a common type of blood-cell—the 
spindle-cell or thrombocyte. According to him such cells are specially 
concerned in blood coagulation. In drawn blood they undergo rapid 
disorganisation and agglutinate to form plugs or masses of cells. 

Meves, following up the original work of Hayem, has shown that 
the thrombocytes of amphibia by their disorganisation are responsible 
for a localised coagulation process which extends to some little distance 
around each disorganised cell. This coagulation, which occurs very 
rapidly, is separate and distinct from the general jellying of the 
plasma, 

J. Tait, working independently on quite another group of animals, has 
shown that the thrombocytes, or explosive cells, of certain crustacea 
cause a localised coagulation which, occurring with great rapidity, 
is histologically distinct from the subsequent general jellying of the 

lasma. 
8 If the process of coagulation in amphibia and in certain erustacea 
can thus be separated into at least two distinct events, of which one is 
demonstrably connected with change in the thrombocytes, it becomes of 
interest to consider the mode of action of known anticoagulants on the 
thrombocytes of the blood with a view to elucidate the part they play 


in these two changes. 
d 


d 
* 
4 
1 
o he 
+ 
7 
4 
* 
. 
4 
j 
a 
‘ 
P 
‘ 
‘ 
— 


xxxvi PROCEEDINGS OF THE PHYSIOLOGICAL 


Of such anticoagulants we have up to the present time tested the 
action of snake venom, of peptone and of cocaine (or rather novocaine) 
on the thrombocytes of the frog. In these observations we have 
likewise noted the presence or absence of rosetting of the red blood 
corpuscles—the most easily recognisable sign of the above-mentioned 
localised coagulation—and of a general coagulation of the plasma. Our 
observations on the uustained blood have been controlled by fixing and 

When a frog is injected with an amount of viperine venom that just 
suffices to produce “fluid” blood, the thrombocytes on withdrawal of 
the blood retain their spindle form indefinitely, no rosetting of the red 
blood corpuscles occurs, no agglutination and no trace of any other 
coagulation. 

As regards the effect of peptone injection (the doses were those 
given by Persano for the toad), our results are not entirely uniform 
seeing that in some cases we failed to obtain fluid blood. In these cases 
we invariably found that the thrombocytes altered, rosetting occurred, 
and likewise general coagulation of the plasma. In those cases in which 
we obtained fluid blood (the majority in our experiments) the throm- 
bocytes remained unchanged for days, no rosetting occurred, no 
agglutination and no jellying of the plasma as a whole. 

Novocaine was added to the blood after withdrawal in 1°/, solution 
(Duccheschi). It delays the changes in the thrombocytes for some 
hours, They finally become rounded and send out blebs in the same 
way as in normal blood. The blebs however long persist. There is no 
rosetting, no agglutination, and the blood remains fluid. In this case 


therefore alteration of the thrombocytes occurs without subsequent: 


rosetting. 
In snake venom and peptone blood the amoeboid movements of the 


leucocytes are very marked. In some cases they remained active at 


room temperature for as long as 48 hours. With novocaine on the 
other hand the amoeboid movements are absent or very slight. 

We have also made observations on coagulation in situ at a wound 
in the tail of the tadpole. Both agglutination of thrombocytes and 
what appears to be localised coagulation may be observed. 


Dekhuysen, Anat. Anzeig., Bd. 19, p. 529, 1901. 
Meves, Arch. f. mikr. Anat., Bd. 68, p. 811, 1906. 
Hayem, Arch. de physiol., Sér. 2, tome 6, p. 201, 1879. 
Persano, Arch. ital. de Biol., tome 37, p. 409, 1902. 
Duccheschi, Hofmeister’s Beiträge, Bd. 8, p. 378, 1903. 
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The relation between refractory phase and electrical 
change. By Joux Tarr. (Preliminary communication.) 


As the result of experiments on yohimbinised nerve I was led to 
distinguish between an absolutely refractory phase and a relatively 
refractory phase in nerve activity. Of these two phases the second is 
certainly anabolic, the first is in all probability katabolic. 

The time occupied in the completion of the two stages taken 
together—commonly called the refractory period—has been shown by 
Gotch and Burch, by Boycott, and by Boruttau and Fröhlich 
to correspond closely with the duration of the electrical “wave” 
accompanying activity. Now, as this wave itself consists of two stages, 
the negative variation and the positive return change, of which the first 
is commonly taken to signify disintegration and the second reintegration, 
may it be that the absolutely refractory phase is essentially bound up 
with the electrical negative variation, and the relatively refractory 
phase with the positive return electrical change ? 

As evidence that they are I would refer to certain physiological 
literature. 

Yohimbine, as worked out by Tait and Gunn and by Tait on the 
sciatic-gastrocnemius preparation, profoundly modifies the refractory 
phase of nerve. Having little effect, if any, on the duration of the 
absolutely refractory phase, it enormously prolongs the relatively 
refractory phase. 

The electrical reactions of yohimbinised nerve have not yet been 
worked out. Nevertheless Waller, in the case of another drug, 
protoveratrine, has found that the positive return electrical change of 
nerve may be enormously prolonged without any corresponding 
prolongation of the primary negative change. 

These results are in each case swi generis. Apart from the two 
drugs mentioned no other known substance has been found to produce 
exactly the same individual modifications in the refractory phase on the 
one hand and in the electrical change on the other. 

Now, the general pharmacological action of protoveratrine was 
worked out some years ago in exceptionally complete fashion by 
Watts Eden, while yohimbine has been the subject of a number of 
pharmacological memoirs by different authors. Detailed comparison of 
the literature in regard to each warrants the statement that the two 
substances are pharmacologically identical. 
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Consequently Waller’s work on the electrical reactions of proto- 
veratrinised nerve may be placed alongside the work on the 
refractory phase of yohimbinised nerve. While the data for an exact 
time-comparison of the individual events in the refractory phase and in 
the electrical change do not exist, the peculiar and highly characteristic 
effects produced in each case by the drugs establish a fairly strong 
presumption that absolutely refractory phase corresponds to electrical 
negative variation, and relatively refractory phase to positive return 

electrical change. 


Gotoh and Burch, Journ. Physiol., Vol. xxrv. p. 410. 1899. 
Boycott, Ibidem, Vol. xxrv. p. 144. 1899. 


Boruttau and Frohlich, Zeitschr. f. allgem. Physiol., Vol. rv. p. 153. 1904; Arch. 
f. d. ges. Physiol., Vol. ov. p. 444. 1904. 


Tait and Gunn, Quart. Journ. Exper. Physiol., Vol. 1. p. 191. 1908. 
Tait, Ibidem, Vol. u. p. 157. 1909. 

Waller, Brain, Vol. xn. p. 21. 1900. 

Watts Eden, Arch. f. Path. und Phar., Vol. xxrx. p. 440. 1892. 


The presence in ergot and physiological activity of §-imid- 
azolylethylamine. By G. Barcer and H. H. Dawg. (Pre- 
liminary communication.) 

Three physiological actions have been used as indices of the thera- 
peutic value of ergot and its extracts. 


(1) Production of gangrene of the cock’s comb. 

(2) Production of a rise of arterial blood-pressure. 

(3) Stimulation of the isolated uterus to tonic contraction— 
preferably the uterus of the non-pregnant cat (Kehrer)! 


In previous communications we have shown that (1) is due to the 
specific alkaloid ergotoxine, which has been found only in ergot, and 
which causes contraction of various plain-muscular organs, followed by 
the selective paralysis of motor sympathetic effects described by one of 
us, We showed also that (2) is due not only to ergotoxine, but often in 
much larger degree to the presence of p-hydroxyphenylethylamine, 
which is not specific to ergot, being produced also by the action of 
various micro-organisms on tyrosine. 

1 See also Proc. Chem. Sov. xxvi. p. 128, 1910. 
* Arch. f. exp. Path, u. Pharma kol. VIII. p. 366, 1908. 
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P-hydroxyphenylethylamine, which resembles adrenine in the type 
of its action, causes relaxation of the non-pregnant cat’s uterus: ergot- 
oxine has but little effect on it when it is treated as an isolated organ. 
It was clear that the production of (3) by some specimens of ergot 
extracts in very small doses must be due to the presence of a third 
active principle. | 

As Kehrer found, extracts of ergot vary widely in their action on 
the uterus, as measured by his method, the ergotinum dialysatum of 
Wernich being especially active. Dialysis in itself does not alter the 
activity, and it occurred to us that the growth of micro-organisms during 
dialysis might account for the high degree of activity of the dialysed 
preparation, This supposition we confirmed by experiment. We further 
found that a like activity was possessed by commercial extracts of meat 
and of yeast, s that the third active principle, like p-hydroxyphenyl- 
ethylamine, was a substance not peculiar to ergot, and produced by 
putrefaction as well as by the ergot-fungus. 

Applying Kutscher’s' silver method to a specimen of ergotinum 
dialysatum we succeeded in isolating a few centigrammes of the picrate 
of an intensely active base, which produced the characteristic action on 
the cat’s non-pregnant uterus in minute doses. Its action, the details 
of which will be published later, further differs from that of the other 
active principles in that it causes a fall of systemic arterial pressure 
when injected intravenously. The manner in which the base was pre- 
cipitated by silver and by mercury suggested a relation to histidine, 
which was further made probable by the fact that the base gave 
Pauly’s colour-reaction with diazobenzenesulphonic acid. Pure histidine 
was found to be inactive, but acquired the characteristic activity on 
putrefaction. It therefore seemed probable that the base was g- imid- 
azolylethylamine, produced from histidine by splitting off carbon dioxide. 
We have been able to confirm this identification through the kindness 
of Dr D. Ackermann, who forwarded to us a specimen of the 
di-picrate of 8-imidazolylethylamine, which he recently obtained by the 
putrefaction of histidine*. This was found to be in all respects identical 
with the picrate obtained by us from the ergot extract. 


Nore. Since the above was forwarded for publication a paper 
by Kutscher (Centralbi. f. Physiol. xxiv. p. 163) has come to our 
notice, Kutscher describes the isolation from ergot of the picrolonate 


1 Zeitschr. Nahr. Genussm. X. p. 528, 1905, 
2 Zeitschr. f. Physiol. Chem. uxv. p. 504, 1910. 
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of a base which was intensely toxic, and which chemically had the 
characteristics of §-imidazolylethylamine. He found, however, that 
the latter substance, as prepared by Ackermann, had a different 
physiological action. Without expressing any opinion as to the 
identity of the base obtained by Kutscher, we think it desirable to 
state that the base obtained by us from ergot agreed with that kindly 
furnished by Dr Ackermann, not only in chemical characters, but in 
all points of physiological action with regard to which we compared 
them. 


Colour change in the isopod, Ligia oceanica. By Jokx Tarr. 


Colour change in isopods has been somewhat exhaustively studied 
by P. Mayer, by Matzdorff and by V. Bauer in the case of Idotea. 
Another isopod in which marked colour change occurs in response to its 
surroundings is Ligia. 

Specimens taken during the daytime from under stones on the 
beach vary somewhat in colour. The males are as a rule dull black. 
The females are mottled, having laterally situated lighter patches on an 
otherwise uniformly dark ground. (This mottling is most conspicuous 
when the animals are viewed under water.) 

The dark colour is due to the presence of highly branched black (or 
dark brown) chromatophores in the hypodermis. These occur all over 
the external surface of the animal except on the gills (and on the 
copulatory stylets of the male). In the laterally situated lighter 
patches white chromatophores are also present. 

Exposed to light in a black-painted dish the animals retain their 
dark appearance. Exposed in a white dish they gradually grow lighter 
in colour and more transparent, so that eventually the heart can be seen 
beating through the integument over the back. This effect is due to 
retraction of the black chromatophores. 

When a Ligia is blinded by having its eyes painted over with 
lamp-black in Canada balsam, it does not undergo the usual change of 
colour on transference to a white background. If, again, sunlight is 
concentrated for over an hour on one part of the antenne of a (some 
little time previously) blinded animal, the irradiated chromatophores, 
meantime observed with the microscope, preserve their form without 

the slightest change. In such observations care is taken not to damage 
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the antenna by having it in the actual focus of the light, and the 
circulation of the blood inside can be seen going on normally. 

The stimulation of the chromatophores seems therefore to be wholly 
indirect, the eye being the receptor organ. Should this inexcitability to 
direct illumination be confirmed by more extended observation—I have 
tried the experiment on three separate occasions, each time with the 
same effect—the black chromatophores of Ligia differ from the chroma- 
tophores of other malacostraca investigated by Keeble and Gamble, 
or of mollusca as investigated by Hertel. 

Bauer found in the case of Idotea that placing of the animals on 
a dark background made them very dark, placing them on a white 
background very light, while blinding them made them assume an 
intermediate shade in which the chromatophores are presumably in a 
position of rest. I have hitherto failed to discover that blinded Ligiæ 
are lighter in shade than normal Ligia exposed on a dark background. 


Mayer, Mitteil. aus d. zool. Station in Neapel, Bd. 1, p. 521, 1879. 

Mata dorff, Jenaische Zeitschr. f. Naturgeschichte (Haeckel), Bd. 16, Jena, 1882. 
Bauer, Centralb. f. Physiol., Bd. 19, p. 453, 1905. 

Keeble and Gamble, Proc. Roy. Soc., Vol. LXv., p. 468, 1900. 

Hertel, Zeitsch. f. allgem. Physiol., Bd. 6, p. 44, 1907. 


Blood coagulation in the amphipod, Gammarus, By JoHN 
Tarr. 


I have already described on more than one occasion the local 
stopping of a wound by cell agglutination etc. in the amphipod, 
Gammarus, Further observation has shown that the process varies 
with the species of Gammarus used for display of the phenomenon. In 
Gammarus marinus, found near the upper tide-limit on the beach, cell- 
agglutination seems to be the only visible factor in the formation of a 
clot; in Gammarus locusta, found lower in the ebb, “ globule ” formation 
associated with explosion of thrombocytes is the prominent feature. 


Tait, Quart. Journ. Exper. Physiol., Vol. 1. p. 247. 1908. 
Tait, Ibidem, Vol. mr. p. 1. 1910. 
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The frequency of the heart-beat in the sleeping and waking 
dormouse. By F. BucHanan. 


Of two dormice which had already finished their winter-sleep when 


procured early in March, the one (A) when exposed to cold went to sleep 
and gave up trying to regulate its temperature fairly readily, but woke 
up in a very short time when handled, even at a low external temperature. 
I was only on one occasion fortunate enough to get it arranged for 
recording the electrical changes of its heart while still asleep and quite 
cold, and so to ascertain the frequency of beat in different stages of 
waking. In order to avoid as far as possible anything that might 
hasten its awakening, I made no attempt on that occasion to measure 
the temperature of the animal but judged of this by feeling it only. 
Photographic records of the movements of the meniscus of the capillary 
electrometer show that when asleep and in the early stages of waking 
the auricles and ventricles were beating with different frequencies, and 
the auricles more quickly than the ventricles. 

March 19, 1910. Dormouse A, 143 grms. Pieces of bandage 
soaked in salt-water tied round r. fore-limb and |. hind-limb to make 
connections with electrometer. Room temperature 83 C. 


Anricles 
Remarks on dormouse 
10.83 a.m. 104 114 Fast asleep, eyes tightly closed, quite cold to the touch, 
no movements of any kind 
10.40 128 * Eyes half open, otherwise the same. 
10.45 158 178 Eyes closed again, head nodding rhythmically 88 times 
a minute. 
11.5 364 430 Very shallow respiratory movements of thorax, syn- 
chronous with the head movements which were now 
11.9 885 430 170a minute. Eyes still closed. 
11.20 -- — Awake, trying to get bandages off its feet. 
11.25 — — As it succeeded, these were tied on afresh. 
11.33 580 ? Wide awake, body warm, respiratory movements of 
thorax and abdomen vigorous, about 800 a minute. 
11.36 555 Fh Head movements still synchronous with them. 
11.55 700 ? Wide awake and quite quiet except for the strong 
respiratory movements occurring with a frequency 
11.58 695 ? of about 850 a minute. 


The asterisk signifies that the focus was not sharp enough in the photograph for the 
auricular effects to be accurately determined. 
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I regard the significance attached to the smaller of the two kinds 
of movement of the meniscus as established by the regularity of their 
recurrence, even though this is not so great as it is in the case of 
the larger, obviously ventricular, effects. The photograph taken at 
10.33 am. shows eg. that the intervals, in hundredths of a second, 
_ between the successive beats were 


For the ventricles :—57-5, 57-5, 58, 58, 57, 57°5, 57, 58. 
For the auricles :—54, 51, 54, 51, 54, 52; 56, 52, 50. 


The photograph taken at 10.45 a.m. gives as the intervals 


For the ventricles:—88-5, 50, 89, 39, 89-5, 40, 88, 89, 89, 38, 40, 38. 
For the auricles 53, 36, 89, 82, 85, 35, 36, 85, 88, 34, 36, 37, 35. 
That taken at 11.5 a.m. gives intervals of 
For the ventricles 17, 16, 17, 16, 17, 16, 17, 16, 17, 16, 17, 17, 16, 16, &. 
For the auricles:—12, 14, 14, 13, 14, 15, 14, 18, 18, 18, 19, 18, 12, 18, 14, 15, 14, 18, &. 

When dissociation of auricles and ventricles occurs in man as in 
cases of Stokes-Adams disease, the auricles also appear to beat with 
less regularity than the ventricles. Thus one of Einthoven’s records 
with the patient &. v. G. (Arch. internat. physiol. 1x. 1906, Pl. m1. f. 3) 
shows that at a time when the intervals between 5 successive ventricular 
effects were each precisely 2°08 secs. the intervals between the auricular 
effects in hundredths of a sec. were: 96, 88, 100, 96, 92, 88, 90, 90, 88; 
and another of his records taken with the patient Ca. (A. ,. d. ges. 
Physiol, XXI. 1908, Pl. XII. f. 9) shows ventricular effects recurring at 
intervals of precisely 2°16 sec. each, accompanied by auricular effects at 
intervals of 76, 84, 76, 76, 82, 78, 84, 78, 78, 84, 76, 76 hundredths 
of a second, 

In the records with the dormouse A awake no auricular effects 
could be distinguished at all, for the reason, probably, that a difference 
in the potential of the two fields created by the auricles lasted for too 
short a time to effect even such a quick electrometer as the one I was 
using. A similar shortening of the time during which a difference of 
potential obtains between the two fields created by the ventricles would 
account for the fact that the ventricular effect also gets smaller as the 
frequency of the beat increases, the Ist phase of each ventricular effect 
culminating in 0015, 0010, 0:006 and 0°002 sec. in the Ist, 3rd, 4th 
and last photographs respectively. Records taken on several other days 
during March, April or May showed that the frequency of the heart-beat 
of dormouse A when awake might be anything between 530 and 720 


per minute. 
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The second dormouse (B) although kept throughout with A, and 
therefore under precisely the same conditions with regard to temperature 
&c., was never found asleep at all during the first fortnight, and after- 
wards when asleep it was never found to be cold except on one occasion 
on which unfortunately the recording apparatus could not be used. Its 
heart was usually beating with a frequency varying between 570 and 
660 per minute. Each ventricular effect was larger than it was with 
A with these frequencies, and auricular effects were often discernable. 
These always had the same frequency as the ventricular effects even 
when, as on one occasion (the day it was bought), the frequency was 
much lower, the interval between the two effects being, however, longer 
the lower the frequency. The records taken on the first day show 

March 11, 1910. Dormouse B, 22°2 grms.. Awake and warm and 
trying every now and then to pull the bandages off its legs, not shivering 
as its companion A, weighing 17°5 grins. and with a pulse-rate of 620, 
was — the same morning. Room temperature 10° C. 


12.15 p.m 489 489 0°04 sec, 

12.25 405 405 0-042 to 0°045 sec. 
12.30 369 ies ? 

12.50 240 240 0°07 sec, 

12.85 235 235 0-07 to 0-08 seo. 


On a subsequent occasion, with a frequency of 570, the auricular- 
ventricular interval was 0°03 sec. 


Both dormice lost weight rapidly in the first few days. A then 
maintained it at about 14 or 15 grms., B at about 17 or 18 grms. 


I hope next winter to ascertain whether dissociation of auricles and 


ventricles is, as the observations above recorded suggest, characteristic 
of hibernating warm-blooded animals, or of certain of them, when the 
power of regulating temperature is in abeyance. 


hare been defrayed cut of grant from the Royal 
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On “Poisons and Enzymes.” By H. W. Byrwarters and 
A. D. WALLER. 


At a recent meeting of the Society (Feb. 19, 1910) in connection 
with the experimental demonstration of the action of nicotine upon 
muscle, the objection was raised to the effect that the direct action of 
a poison upon muscle was not necessarily of a “physiological” order, 
but that it was of the same character as the arrest of action of 
unorganised ferments. It was stated in particular that the action of 
eg. aconitine upon the activity of eg. ptyalin might be found to be 
similar to the action of aconitine upon the activity of muscle. 

This supposition, however improbable, could not be set aside without 
trial, which we have accordingly made. We have tested the action of 
aconitine in N/10000, N/1000 and N/100 concentrations (approximately 
0007, 007 and 0°7 % upon (I) digests of starch and saliva (ptyalin), 
(I) digests of saccharose and yeast extract (invertase), with the following 
results: 


I. Ptyalin + Aconitine. 
The four flasks for incubation contained respectively 


A. 5 water +25 b. 0. starch (4 °/,)+20c.c. 10 % saliva, 
N 

B. „ aconitine 1000 ” ” ” 

0 ” ” — + „ ” 
N 

D. ” ” 10 + „ ” ” 


At the end of 1 hour's and of 12 hours’ digestion at room tem- 
_ perature, 10 c.c, was withdrawn from each flask, boiled to stop further 
action, and, afterwards, made up to a definite volume and the reducing 
sugar present determined by titration with Pavy’s solution. 


uid at the end of 
Concentration 
of aconitine hour 12 hours 
A. 0 487 525 
N 
B. 10,000 490 530 
N 
C. 1000 495 533 
N 
D. 100 490 52⁵ 


No action of aconitine on ptyalin, as 3 by the enoeharißeation 
of starch, is to be observed. 
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II. Invertase + Aconitine. 


The yeast extract was prepared by grinding up 5 grms. yeast 
(German) with “kieselguhr,” mixing with water to 500 co., filtering 
through paper, and then diluting 50 c.c. of the filtrate to 250 c.c. 

The flasks for incubation contained respectively 


A. 54.0. water +20 0.0. 10 % saccharose + 25 0. o. diluted yeast extract. 
B. „ sconitine 1000 - 55 ” ” ” 
N 
C. ” ” 100 ” ” ” ” 


10 cc. portions were withdrawn at the end of and 13 hrs, further 
action in the samples being immediately arrested by the addition of 
two drops of strong caustic potash. Subsequently the invert sugar was 
estimated as above. 


sugar 
in digestion liquids at the end of 
Concentration i ~ 
of aconitine # hour 1} hours 
A. 0 208°8 884°6 
N 
B 10,000 201°6 8676 
N 
© 1000 181°2 284°1 
N 
D 100 125 0 285 ˙9 


Only a slight retardation of inversion was caused by aconitine. 

These results show that a poison (aconitine), which is highly active 
upon muscle and upon nerve, does not appreciably affect certain ferments 
(ptyalin, invertase), and that it is necessary to distinguish between the 
action of a poison upon protoplasm and its action on enzymes, And we 
may point to the action of chloroform upon laurel leaves as affording 
another striking illustration of this distinction. Strong chloroform 
vapour very rapidly abolishes the blaze-currents of the leaf. It does 
not interfere with the evolution of hydrocyanic acid, produced by the 
action of an enzyme, which goes on for an indefinite period after the 
leaf has ceased to be alive. 


In this case chloroform abolishes the Wee of protoplasm, and 
liberates that of enzyme. 


In contrast with these clear negative results, we give the equally 
clear positive results of similar trials made with corrosive sublimate. 
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III. Ptyalin + Corrosive Sublimate. 
A. 106.6. water +20 6.0. 5 % starch +20 0.0. 10 % saliva. 
B. 10 6. 6. 05%), HgCl,+ Do. + Do, 
At the end of 2 and of 24 hours’ incubation at room temperature, 
10 ce. was withdrawn from each flask and boiled. 
| Reducing sugar (as maltose) in milligrammes 
At the end of 2 hours’ At the end of % hours 
incubation incubation 
A. (Water only) 468 514 
B. (HgCl, 0-1 %,) 0 0 


IV. Invertase + Corrosive Sublimate. 
(The invertase employed was a suspension of dried yeast in water.) 


A. 10 0.0. water +20 C. 0. 10 % saccharose + 20 0. o. invertase. 
B. 10 0.6. 05°, HgCl,. + Do. + Do. 
C. 10 0.0. 005%, Hgol, Do, + Do. 
2 Invert sugar in mgrms. 
At the end of 2 hours’ At the end of 4 hours 
incubation incubation 
A. (Water only) 156 495 
B. (nech 0-1 % 0 0 
O. (HgOl, 0-01 %) 0 0 


A new method for the quantitative estimation of hydro- 
cyanic acid in the blood and tissues of animals post-mortem. 
By A. D. WALLER. 


The method is colorimetric, and depends on the reaction between 
potassium cyanide and picric acid, first studied by Hlasiwetz (Liebigs 
Annalen, Cx. p. 289 (1859) and recently applied by Guignard to the 
detection of minute quantities of hydrocyanic acid (Annales des Sciences 
Pharmacologiques, 1906, p. 415) and by F. E. Armstrong to the rapid 
detection of emulsin (Proceedings, March 19). 

The colour-scale is prepared by mixing equal volumes of a recently 
titrated solution of 1/10000 hydrocyanic acid and of picrate mixture 
(equal volumes of 0°5/100 picric acid and 5/100 sodium carbonate). 
From this stock solution (T 50), after 24 hours in an incubator at 40°, 
a colour-scale is prepared by further dilution with picrate mixture, to 
contain e.g. 1, 2, 3... &. parts of HCN per million, of tints 71, T 2, 
T 3... &c. 
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The estimation is made by matching the colour of the given fluid, or 
of its distillate into picrate mixture (after suitable dilution if required), 
with that of the colour-scale. 

Thus eg. if the tint of a distillate from 10 c.c. of blood (dil. x 5) into 
25 C. c. of picrate is found = T 5, and the volume of picrate + distillate 
is 40 c., the amount of HCN in the distillate =5 x 40 millionths 
gramme, i.e. 0000200. A second distillation shows whether or no the 
whole of the HON present has been taken over in the first distillate. 


Illustrative experiments. 
Ern 6. Cat, 2˙4 kilos; death by injection per jugulam of 10 c.c. 
1% HCN (=0'1 gramme). Blood defibrinated and centrifuged. Dis- 
tillates taken next day (16 hours later) into 25 c. o. picrate of: 


1. 10grammes Brain gave T 60 in 33 c.c. = 0001980 gramme HCN. 
2. 8 Plasma „ 7 18 in 32 0.0. 0000576 „ a 
3. „ Oorpuscles „ T 30 in 33 c. c. 0000990 „ 


Three days later. Distillates taken of: 


4. 10 grammes Brain gave 7 30 in 30 c.c. = 0000900 gramme HCN. 
5. Blood „ 7 10 in 31 cc. = 0000310 


Six days later or seven days post- mortem. 


6. Brain gave 7 10 in 30 c,c. O 000300 grammes HCN per 10 grammes. 
7. 2nd dist, of Brain gave 7 1 in 30 c.c, = 0000030 grammes HCN per 
10 grammes. 

The noteworthy points in this experiment are (1) the large amount 
of poison present in the brain, ie. nearly 20 mgrms. per 100 grms., and 
(2) the length of time post-mortem during which the poison could be 
identified and estimated. 

Hap. 10. Cat, 3 kilos, Chloroform 2°/,. Death by injection of 
10 cc, 05 ¼ solution of HCN (= O05 grm.) into the femoral vein. 
Distillates of 10 grammes into 25 c. o. pierate. 


Distillate 1. Heart T 25 in 31 c. 0000775 gramme HON. 
5 2. Brain 7 16 in 31 „ 0˙000498 
„ 20. „ T 3 in 32, 70000006 „ 
3. Blood 7 7 in 30 „ 0˙000210 
„ 3a. T 83 in 30 „ 70000090 „ 1 
„ 4. Muscle 7 3˙5 in 31, 0000108 
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In this case the poison was found in largest quantity in the heart 
muscle. In both the experiments quoted the dose had been much above 
any minimal lethal value. In the next experiment it was at about the 
reputed minimal lethal value of 1 mgrm. per kilo body-weight. 

Eap. 11. Cat, 22 kilos. Chloroform 2% . Death by injection of 
1 0%. 05 */, solution of NaCN (viz. 5 mgrms. NaCN or 2°6 mgrms. CN). 
Distillates of 18 grammes into 10 c.c. picrate. 


Dist. 1. Blood 7 1˙5 in 20 cc. 000030 
„ 2 Brain 745 in 20 „ 000090 
„ 3. Heart 745in 20 „ 000090 
„ 4. Muscle 7 O in 21 „ nil. 

5. (2nd dist. of 2.) Brain 7 0 in 20 „ nil. i 

In this experiment the amount of CN injected was very small, viz. 
12 millionths per gramme of cat. The poison was found in largest 
amount post-mortem in the brain and in the heart, viz. 9 millionths per 
gramme. 

In all the experiments (20) made so far the highest percentage found 
has been in these two organs, and has in 8 instances exceeded the per- 
centage found in the blood; the latter has exceeded the percentage 
found in skeletal muscle. In some cases the percentage has been found 
higher in brain than in heart, in others in heart than in brain. 

In control experiments (3) made on normal animals no sign of HCN 
has been found. 


Anesthetics and laurel leaves. By A. D. WALLER. 


The evolution of hydrocyanic acid by laurel leaves under the 
influence of chloroform vapour, as demonstrated to the Society by 
Dr F. E. Armstrong at its meeting of March 19th, appeared to me to 
be likely to afford a case where it would be possible to obtain simul- 
taneous indications of a chemical change and of an electrical change 
taking place in the leaf under the influence of an anesthetic. 

The immediate purpose of the present observations is to determine 
the parallelism or the want of parallelism between these two changes. 

Qualitative experiments in which the evolution of HCN from laurel 
leaves is followed by means of picrate test-papers, the leaves being 
enclosed in cork tubes containing (1) chloroform vapour, (2) ether 
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vapour, (3) alcohol vapour, and (4) water vapour, give results in the 
following order of intensity: 


1. in chloroform vapour greatest evolution of HCN, 


2. in ether „ smaller 6 5 
3. in alcohol „ smallest 8 4 
4. in water „ none, 


and the decline of electrical response follows the same order, being 
greatest in 1, smaller in 2, very small in 3, and none at all in 4. 

Similar experiments with leaves immersed in a dilute solution of 
sodium picrate plus chloroform 1, 2, and 3 drops per 10 c.. (approxi- 
mately 0°15, 0°30 and 0°45 gr. per cent.) bring out a similar gradation of 
chemical and electrical effects. The evolution of HCN and the dimi- 
nution of electrical response are progressively greater with higher 
percentage of chloroform, whereas in weak picrate without chloroform 
there is no evolution of HCN and no diminution of electrical response. 

It looks at first sight as if the two effects, increasing in the first, 
decreasing in the second case, were the associated consequence of the 
same disturbance of protoplasm. But on further examination this view 
is found to be illusory. Hydrocyanic acid makes its appearance not as 
an effect of protoplasmic activity—a chemical sign of life—but as a 
post-mortem enzyme effect with and subsequent to the arrest of proto- 
plasmic activity. That arrest takes place most rapidly in the case of 
chloroform, less rapidly in that of ether, still less rapidly in that of 
alcohol, not at all, or at an indefinite date, in that of water. And it 
takes place more and less rapidly according as more and less anzsthetic 
has acted upon the leaf. 

Taking eg. the case of chloroform, by which the distinction is 
brought out most clearly, we have as its first effect on the leaf an 
abolition of the electrical response completed in the course of a few 
minutes, followed by an evolution of HCN that increases hour by hour 
and day by day, whether or no the leaf be submitted to the further 
action of chloroform. Chloroform, having arrested the activity of the 
protoplasm in a few minutes, does not arrest the subsequent activity of 
the liberated enzyme. 

This experiment, which is typical, affords the clearest possible 
evidence that a distinction must be made between action of protoplasm 
and action of enzyme, notwithstanding the similarities which exist 
between the conditions of the two kinds of action. The observations of 
Bokorny, which bring into prominence these similarities as regards 
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temperature and the effect of certain poisons such as corrosive sublimate, 
should not lead us to identify protoplasm and enzyme nor to admit that 
protoplasm acts as an enzyme. The production of enzyme is one of the 
functions of protoplasm, an effect of its katabolism, and protoplasm 
produces many of its remote effects in the body by the agen of 
products that can be classified as enzymes. But protoplasm is one 
thing and enzyme is another. The protoplasm of a laurel leaf can be 
immobilised by chloroform in a few minutes; the protoplasm-product or 
enzyme remains active for many days, in spite of chloroform. 
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Lactic acid in diabetes. By J. H. Ryrrst. 


For the estimation of lactic acid in diabetic urine the following 
method was employed. 100 to 250 cc. of the urine was rendered 
slightly alkaline with sodium carbonate, evaporated and extracted 
with alcohol. The alcoholic extract was evaporated to a syrup and 
strongly acidified with phosphoric acid. The ether soluble acids in 
this syrup were then transferred to dilute sodium carbonate solution 
by shaking ether alternately with the syrup and with the sodium 
carbonate solution. The process was repeated three times, and similar 
amounts of syrup, phosphoric acid and ether were employed in each 
case. The sodium carbonate solution was finally evaporated to dryness, 
and the lactic acid in it estimated by the distillation method previously 
described (This Journal, XXXIX. p. v). The ether extraction always 
involves some loss of lactic acid, which is relatively greater when the 
amount of lactic acid present is small than when it is considerable. 
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The results obtained from the urine of diabetic patients were as 
follows:— 


Lactic Acid in Sugar in N in — 
I 0°057 56 18 
Il 0°405 144 8°07 
0°353 176 3°75 
0°312 210 8°75 
III 0°646 486 70 
IV 0°243 19 2°78 
*0'156 0 2°39 


* Estimated in the urine of the second day after the complete disappearance of reduction 
with Fehling's solution on a strict carbohydrate free diet. Hopkins’ thiophene test for 


lactic acid was positive. 

The normal excretion of lactic acid determined in a similar manner 
was less than 0°02 grm. per diem, and was unaffected by the addition of 
dextrose to the urine. 

An attempt was made to produce alimentary glycosuria in a normal 
individual by taking a large carbohydrate meal. The urine collected 
for 44 hours after the meal reduced Fehling’s solution, but apparently 
contained glycuronic acid not glucose. 

Before determining the lactic acid in the urine glycuronic acid and 
glucose were removed by precipitation with basic lead acetate and 
ammonia. (The precipitate formed carries down nearly 50 per cent. 
of very small quantities of lactic acid added to urine, but this source 
of error is inappreciable when the lactic acid is present in relatively 
considerable amount.) The lactic acid of the urine determined after 
this treatment amounted to 10°56 mg. per hour, or five times as much 
as the normal determined with the same procedure. The urines of 
Case IV already referred to yielded 0°37 and 0°23 grm. lactic acid 
respectively per diem when treated in this way. 

The excess of lactic acid over the normal in the urine of diabetics 
is, therefore, of the same order as that in alimentary glycosuria, and is 
presumably due to the same cause, namely a partial conversion into 
lactic acid of the excess of sugar in the blood. 

When mixed sodium, potassium and calcium lactates, in amount 
equivalent to 10°5 grm. lactic acid per diem, were given by the mouth 
twice daily to Case II, the excretion of lactic acid rose to 1:19 grm. 
per diem, as determined by the ether method. Lactates similarly 
administered to a normal individual were also partly excreted in the 
urine, lactates equivalent to 8 grm. and 5:2 grin. lactic acid respectively 
causing the excretion of 0-46 and 027 grm. lactic acid more than 
normal, The retention of, and presumably the ability to use, lactic 
acid is, therefore, not much less in the diabetic than in the normal. 
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Observations on frogs at temperatures below zero. By 
D. Fraser Harris. 


In studying the literature of the survival of animals after severe 
refrigeration, one meets with statements apparently difficult of recon- 
ciliation inter se and with absence of information on several points of 
importance, 

When Verworn’ writes (quoting Pictet); “frogs endured without 
dying a temperature of — 28° C.” we need to know much more than that 
the lowest recorded temperature was — 28° C. before we can make use of 
the fact. It is desirable that we should know as many of the following 
data as possible : 

1. The criterion of survival; whether in constituting a “living” 
frog, heart and respiration were both active or the heart only. 

2. Whether the temperature recorded—presumably the minimum 
was that of the air or of water surrounding the frog or was that of its 
mouth or viscera. 

3. Whether the abstraction of heat was rapid or slow. 

4. Whether the thawing of the animal was rapid or slow. 


1 Verworn. General Physiology, trans. by Lee. London: Macmillan, 1899, p. 290. 
R. Pictet. Rev. Scient., 1898, um. p. 577, 
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5. Whether the time of year of the experiments was or was not 
when the animals naturally hibernate. 

6. What was the weight of the animal frozen ? 

My experiments fall into two groups: 

1. Those on brain-pithed frogs pinned to cork and frozen in air, the 
visceral temperature recorded by a thermometer resting between heart, 
liver and lung. 

2. Those on intact frogs frozen in a large (800 c.c.) and in a small 


(150 ce.) bulk of water in a beaker, the temperature of the water and 


subsequently the ice being recorded. 

I call a frog “living” if after thawing, its cardiac and respiratory 
mechanisms are both active, moribund if only the heart is in action, dead 
if neither heart nor respiration is active even although its muscles are 
excitable by electric stimuli. 

By “rapid” freezing, I mean a fall of 1°C, in not more than three 
minutes. No frog used weighed more than 12 grms.: the experiments 
were done in March, May and June. 

As regards frogs frozen in air : 

Those which were alive never had subcutaneous or perivisceral ice 
and, therefore, were not frozen solid: they withstood a temperature of the 
viscera of zero centigrade maintained for at least an hour. One which 
was moribund had a visceral temperature of from 0°0° C. to — 03° C. 
maintained for two hours. 

Those which died had subcutaneous and perivisceral ice and there- 
fore were frozen “ solid*.” 

One died after enduring for four hours and 20 minutes an air- 
temperature of 0° C.; a second died after sustaining for one hour and 
40 minutes a visceral temperature of — 2° C. as a minimum; a third 
died after two hours and eight minutes of from 0° 0. to — 115 C. as 
a minimum. 

Thus such temperatures as those reported — 15° C., — 20° C., — 28° C., 
cannot have been sustained for any length of time. 

As regards frogs frozen in water : 

One lived after an exposure of one hour to - 6° C.; another lived 
after exposure for one hour and ten minutes to between — 4° C. and 
—11˙ C. 

The following all died: 


After rapid freezing for two hours, — 11˙ C., - 10˙ C. and —8° C. 


being the lowest temperatures respectively recorded. 
Confirmatory of Kochs Biol. Centralblatt, 1890, Vol. x. p. 678. 
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The conclusions to be drawn from this series of experiments as yet 
incomplete appear to be : 

1. The duration of the refrigeration is as important a factor as the 
degree of temperature below zero reached. 

2. An animal is not to be regarded as alive unless its heart is 
beating and it is breathing seeing that the eye- and tongue-muscles 
of a “dead” frog whose mouth-temperature was —7°5° C. after three 
hours of being frozen solid, were still excitable. 

8. Frogs of not more than 12 grms. frozen in air will probably not 
survive having their visceral temperature rapidly lowered to and main- 
tained at — 2° C. for two hours, though théy may survive one hour. 

4. Frogs (10—12 grms.) frozen stiff in 150 cc. of water whose 
temperature falls to and is kept at — 10°C. will probably be alive at the 
end of one hour but not at the end of two hours. 

5. Frogs apparently withstand a lower temperature in equal times 
when rapidly frozen in water (small volume) than when frozen in air. 

This is difficult to explain, seeing that the thermal conductivity of 
water is better than that of air. 

6. There is distinct evidence of heat-production by the frog in the 
fact that a pool of water remains round the animal after all the rest of 
the water has been frozen for some considerable time. 
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PHYSIOLOGICAL SOCIETY, 
July 9, 1910. 


Natural arrest of hemorrhage in the tadpole. By HAROLI D 
PRINGLE and Joun Tarr. 


(Preliminary C ication.) 


Of recent years more than one author (Dekhuyzen, Leo Loeb) 
has eniphasised the part played by cell-agglutination in the coagulation 
of vertebrate blood. Their conclusions are based on microscopic observa- 
tions of films of freshly drawn blood. So far as we are aware no one 
has described the actual process of coagulation as it occurs in situ at a 
wound in vertebrates. 

At the last meeting of the Physiological Society we demonstrated a 
method whereby the arrest of hemorrhage may be studied in the tail 
of the tadpole, and showed that cell-agglutination occurs at the end of 
severed blood-vessels. We are now in a position to make some further 
statements in regard to this process. 

Generally speaking, the blood of the tadpole resembles that of the 
frog, and contains oval red cells, rounded leucocytes and spindle-shaped 
thrombocytes. When observed in circulation in the living vessels the 
red cells appear oat-shaped, being long and narrow, with a blunt front 
end and a pointed hinder end. This appearance is possibly due to 
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the fact that they float with long axis horizontal and edge uppermost. 
In the circulating blood the erythrocytes can therefore be distinguished 
from the thrombocytes only by their colour. 

In the living vessels of young tadpoles, however, it is almost 
impossible to distinguish between the erythrocytes and the thrombocytes, 
for the amount of hemoglobin in the erythrocytes is very small, and in 
addition to this these cells contain one or more refractile particles 
exactly similar to those which are usually considered so characteristic — 
of thrombocytes. This resemblance between the erythrocytes and the 
thrombocytes in young tadpoles (about 1 cm. in length) seems to us to 
support the view of Hayem, who, from observations on the adult blood, 
coneluded that the spindle-cells or thrombocytes are forerunners of the 
erythrocytes. 

In making observations on local clotting the animals are slowly 
anzsthetised by addition of alcohol drop by drop to the water in which 
they swim. When fully narcotised (after the lapse of, say, balf-an-hour), 
they are transferred to a slide in a drop of water, the tip of the tail is 
cut off with a sharp knife, and the stump quickly covered with a cover- 
glass. Under the microscope the stump is seen to bleed from a number 
of severed vessels, of which the main caudal artery and vein are the 
largest. Capillary bleedings may be seen in the thin lateral portions. 
By successive sections one and the same animal may be used for a 
number of observations. 

The capillary bleedings, in which the process of arrest of hemorrhage 
is most easily studied, naturally cease sooner than those from the larger 
vessels, The issuing corpuscles are shot out one by one to some little 
distance in the surrounding water. Even on very first observation, one 
or two thrombocytes are seen adhering to the cut edge of the vessel, 
and every now and again an additional one becomes adherent, until in 
the space of fifteen seconds to half a minute the wound is plugged by 
a small mass of agglutinated thrombocytes (or thrombocytes and leuco- 
cytes combined). The mass which they form is at first porous and 
allows of the escape of plasma, as is evidenced by the faet that blood 
corpuscles still continue slowly to travel down the vessel and become 
piled up behind the terminal plug. This piling up extends backwards 
to where the first side branch takes up the circulation. 

In a vessel of intermediate size the red blood corpuscles which 
remain in the neighbourhood of the wound tend to obscure the view of 
the thrombocytic agglutination at the immediate edge of the severed 
vessel. Nevertheless we have been able to satisfy ourselves that such 
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agglutination occurs in every case. Further, as the red blood corpuscles 
are forced out through the mass many of them become attached to it 
by their ends so as to form a large rosette radiating outwards froin the 
plug of agglutinated thrombocytes. Often the most distal cells in this 
_ rosette are almost free, for they can be seen waving backwards and 
_ forwards with each movement of the surrounding water. They preserve 
their relative position to each other and their distance from the main 
mass, thus showing that they are in reality attached by means of fine 
invisible bridges. The majority of the red cells escape free into the 
surrounding fluid and settle down on the slide, where they become 
heemolysed and indistinct. 

The plugging in a large vessel is not so easily studied in detail 
owing to the great rush of blood corpuscles from the wound. One fact 
however may be made out without difficulty, namely, that the cells in 
immediate contact with the divided edge of the vessel are white cells, so 
that these may be said in every case to form the primary clot. The 
fact that they stick at the very edge of the vessel suggests that the 
condition determining their adhesion is contact with broken tissue or 
escaped tissue fluid (thrombokinase?). It is usually possible to dis- 
tinguish a rosetted mass of red blood corpuscles in immediate relation 
to the primary plug of thrombocytes (and leucocytes). 

From the above, it is sufficiently evident that, in the natural arrest 


of hwmorrhage in the tadpole, at least two important factors play a 


part. These are cell-agglutination (of thrombocytes and possibly of 
leucocytes) and rosetting of red blood corpuscles.) As Hayem and 
Meves have shown, rosetting is a secondary process dependent on an 
original change in the thrombocytes and in them alone. Our observa- 
tions indicate that the primary process of agglutination is of itself 
sufficient to occlude the smaller vessels, while the secondary process of 
rosetting comes into play especially in the plugging of larger vessels. 

In our view the process that occurs in a large vessel is somewhat as 
follows :—Thrombocytes adhere with great tenacity to the rim of the 
divided vessel, possibly forming a ring of coagulum around the edge. 
Whether a complete ring is formed or not, the central channel is not 
blocked but remains open. The tenacious adherence of these agglu- 
tinated cells to the edge of the vessel is of the very first importance, 
because it is on the strength of this attachment that the ultimate 
security of the whole clot rests. 

The sticky threads thrown out by the agglutinated thrombocytes 
compare Hayem and Meves) entangle and catch issuing red blood 
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cells, which thus remain tethered in a cluster to the adherent rim of 


agglutinated thrombocytes. Fresh cells ever continue to get wedged 
and held in the spaces of the cluster, and the rosetted mass eventually 
becomes so thick and dense that it closes up the channel in the centre. 
The tethering fibres of the rosette slowly contract (Hayem and Me ves), 
thus pulling the plug of red cells more firmly than ever against the 
mouth of the cut vessel. 


Dekhuyzen. Anat, Anseig. Bd. 19, p. 529. 1901. 

Leo Loeb. Biochem. Centralb. Bd. 6, p. 904. 1908. 
Hayem. Arch. de physiol. Sér. 2, tome 6, p. 201. 1879. 
Meves. Arch. f. mikr. Anat. Bd. 68, p. 311. 1906. 


Pringle and Tait. Proc. of Physiol. Soc. 18th June, 1910. Journal of Physiol. 
Vol. xu. 
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Note on the action of nicotine and curari on the receptive 
substance of the frog’s rectus abdominis muscle. By J. N. 
LANGLEY. : 


In a former communication (Proc. Physiol. Soc. p. |xxi. 1909, Journ. 
Physiol. XXVII.) I have mentioned that there is a wide range of 
antagonism between curari and nicotine in the rectus abdominis 
muscle of the frog. Here I wish to call attention to the effect of 
nicotine on the muscle when it has been immersed in curari of a 
strength insufficient to prevent an immediate nicotine response. 

The method of experiment is as follows:—The right and left rectus 
abdominis muscles are taken. Each is fixed at one end, attached to a 
Keith Lucas lever at the other end, and immersed in Ringer’s fluid for 
15 or more minutes. The fluid is then run off from one muscle, and 
curari solution (made up in Ringer’s fluid) substituted. After 15 mins. 
the fluid is run off from both muscles, the curarised muscle washed with 
Ringer’s fluid, and nicotine solution (made up in Ringer’s fluid) poured 
into the vessels containing the muscles, Tracings of the contractions 
caused by the nicotine are taken. 

The form of the curve obtained depends of course on the load and 
on the percentage of nicotine. In the curarised muscle it depends also 
upon the percentage of curari and the time of its action, But within 
a wide variation of these conditions, the shortening of curarised muscle 
caused by nicotine goes on longer, and relaxation occurs later, than in 
the normal muscle. In fig. 1 I give an example of the curves obtained 
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when one muscle is immersed in 001 pie. curari for 15 mins. and 
01 pe. nicotine is used to caused contraction. 

Nicotine 01 p.c. causes contraction by acting on the receptive 
substance of the muscle (cf. previous papers in Journ. Physiol.). It will 
be seen in fig. 1 that the nicotine action takes place more slowly, and 
continues longer, in the curarised than in the normal muscle. This 
result would necessarily follow from the theory I have put forward that 
nicotine and curari form dissociable compounds with the receptive 
substance. The experiment, then, supports the view that curari 
combines with the receptive substance, and can be displaced from its 
combination by nicotine. 


Pig. 1. L. left, and R. right rectus 
abdominis muscle of a frog. 
Load about 3 grams. Time 
marker (bottom line) shows 
80 sec. intervals. Muscles fixed 
in the apparatus and immersed 
in Ringer’s fluid. 

15 mins.—Tracing taken 
for 30 secs. Vessel containing 
right muscle emptied of Ringer's 
fluid and filled with 001 p.c. 
curari. 

30 mins.—Tracing taken 
for 30 secs. Ringer's fluid 
poured into vessel containing 
right muscle. In about 3 mins. 
both vessels emptied. Drum 
set going. 

35 mins.—Both vessels 
filled with 01 p.c. nicotine 
and a tracing taken for 10 mins. 

After this a tracing was 
taken for 30 secs. at the fol- 
lowing intervals in hours: 
4, 4, 1, 1, 1, 1, 1}, 15. 
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The occurrence of creatin in diabetic urine. By R. A. 
Krause and W. CRAMER. 


During the past two years a number of urines from patients suffer- 
ing from various diseases have been examined for creatin. It was found 
in agreement with previous observers that creatin is excreted irregularly 
in divers pathological conditions. In typical diabetes mellitus, however, 
it appears to occur regularly, Nine typical cases, details of which will 
be published later, were examined for several days, one of them over 
a period of thirty days. None of the cases showed a marked acidosis 
while under observation, and some of them showed a slight increase in 
weight and improved under treatment. The patients were kept on 
different diets. Even when the diet was free from creatin and creatinin 
but contained carbohydrates, creatin was invariably found to be present 
in amounts varying from 0°1—0°5 grammes. We have not yet been 
able to make observations on cases of the alimentary type of diabetes, 
in which the sugar disappears as soon as the intake of carbohydrate 
food is restricted. 

Creatin was also found in the urine of dogs in which glycosuria was 
induced by phloridzin (3 experiments). One experiment may be given 
as an example. The urine was collected every 24 hours. 


Dog N. Weight 11 kilos. Diet: 400 grammes bread and 400 c.c. milk. 
Creatinin N. Creatin N. 


Volume — — 

te “tm “See 
325 4767 0»074 15 absent — 
380 4°362 0°076 39 absent — 
280 8°782 0-069 1˙8 absent — 
450° 2°898 0-051 17 0-007 0˙2 
610“ 5°108 0-089 17 0-014 0-2 
700 8°477 0°147 17 absent — 
350 4•399 0-080 1°8 absent — 
250 


4˙472 0-078 17 adoent — 


Creatin was also found to be present in all the cases of pregnancy 
which were examined (8 cases). All these cases were in the seventh or 
eight month of pregnancy and did not present any abnormalities. 

It is interesting to note that creatin appears in the urine in all those 
conditions which may lead to acidosis, viz.:—starvation (Benedict, 
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Cathcart), withdrawal of carbohydrates from food (Cathcart), diabetes 
mellitus, phloridzin diabetes, and pregnancy. The two conditions 
(acetonuria and creatinuria) need not occur simultaneously and creatin 
may appear in the urine before acidosis has set in. 

There are conditions such as muscular atrophy which do not lead to 
acidosis but where creatin is regularly found in the urine. 


Inhibitory fibres for the bladder in the pelvic nerve. 
Antagonism by curari of the nicotine stimulation of nerve 
cells. By J. N. 


It is well known that in the cat brief stimulation of the 2nd or 
3rd sacral nerves or of the pelvic nerve, causes strong and more or less 
protracted contraction of the bladder. If in the anesthetised animal 
4 or more cc. of 1 ple. curari are injected into a vein and any of the 
nerves mentioned above are stimulated, the normal strong contraction 
no longer occurs ; in its place there is usually a very feeble contraction 
lasting about 15 secs. and then a relaxation lasting half a minute to a 
minute or more, and finally, on ceasing to stimulate, a marked after- 
contraction, Various forms of curve are obtained on repeated stimula- 
tion, all indicating a struggle between motor and inhibitory impulses. 
A similar change in effect is caused by a certain dose of nicotine, 


The paresis of the motor nerve fibres caused by curari is due to an 


action of the alkaloid on the peripheral nerve cells. Normally a very 
small amount of nicotine stimulates the peripheral nerve cells and causes 
a strong, but not protracted, contraction of the bladder. A given 
amount of curari prevents a certain amount of nicotine from having an 
effect. Thus after 10 C. c. of 1 p. curari, intravenous injection of 2 mgs. 
of nicotine has no effect on the bladder, just as it has no effect on the 
structures innervated by the superior cervical ganglion or by the 
ganglia of the trunk of the sympathetic. But a sufficiently large dose 
of nicotine, e.g. 20 mgs. causes strong contraction of the bladder, 
dilation of the pupil, erection of hairs and go forth. Thus the antagon- 
istic action of curari as regards nicotine is fundamentally the same on 
autonomic nerve-cells and on striated muscles. 
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The sympathetic innervation of the skin of the frog. By 
J. N. LANGLEY. 


Observations on the sympathetic innervation of the skin of the frog 
have been almost entirely confined to the web of the hind foot. With 
regard to this, two statements have been made which are not in harmony 
with the results obtained in the mammal (1) that the vaso-motor nerves 
run in some other course than the sciatic and (2) that the spinal nerves 
which are the origins of the sciatic are also the origins of the vaso-motor 
fibres. Some years ago I made observations on both of these points and 
I have recently repeated them, with the same results as formerly. The 
results are as follows: 

Stimulation of a cutaneous nerve to any part of the skin causes vaso- 
constriction in the portion of the skin adjoining the anatomical ending 
of the nerve in it. The successive branches of the dorsal cutaneous 
nerve supply successive areas which overlap somewhat but not greatly. 


In the region of the nerve-plexus the overlapping is greater, thus both 


8th and 9th nerves stimulated peripherally of their rami communicantes 
commonly cause contraction in the arteries of the whole web. The 
relative effect of the two nerves on the inner and outer webs depends on 
the arrangement of the nerves, whether it is anterior or posterior. The 
7th nerve stimulated peripherally of its nervus communicans causes no 
constriction of the vessels of the web; it usually causes a quickening of 
the circulation due to arterial contraction elsewhere, 

The vaso-motor fibres to the web run solely in the sciatic ; and so far 
as my experiments have gone, all the vaso-motor fibres to the rest of the 
skin run in the cutaneous nerves, i.. the course and distribution of the 
vaso-motor fibres appear to be on the same plan as in the mammal. 

The roots of the 8th and 9th nerves have no vaso-constrictor fibres 
for the foot; the fibres arise from the 3rd to the 7th spinal nerves in- 
clusive, an origin which is more extensive than that of the corresponding 
fibres in the mammal. 

Nicotine weakens but does not completely paralyse the pre-ganglionic 
fibres, so that the use of nicotine dees not enable an accurate determina- 
tion to be made of the ganglia in which a given set of nerve fibres end. 
But in certain conditions, stimulation of the sympathetic chain above 
the 7th ganglion causes no contraction of the vessels of the foot at a time 
when stimulation below the 8th or 9th causes good contraction, 
Probably then, as in the mammal, each sympathetic ganglion sends 
most of its post-ganglionic fibres to the corresponding spina‘ nerve. 


* 4 
4 
a 
* 
1 
a 
an 
* 5 
* 
4 
a 
N 
i, 
( 
4 a 
é 4 
0 
q 
7 
J 
ul 
E 
* 
of 


lxiv PROCEEDINGS OF THE PHYSIOLOGICAL 


A trough for experiments on muscle and nerve. By KEITH 
Lucas. 


A common source of failure in class experiments on muscle and 
nerve is the drying of the tissues, To overcome this difficulty the 
apparatus shown in the accompanying figures was designed. In this 
apparatus the tissues are completely immersed in Ringer's solution, and 
can be so kept throughout all ordinary experiments. 

The trough A is machined out of a single piece of ebonite. On its 
floor there is an ebonite boss B, in which there is drilled a hole large 
enough to take an ordinary pin. To the side of the trough there is 
attached a brass plate C, which serves as carriage for the axle D of the 
recording lever, and is free to slide along the trough unless clamped by 
the screw E. The recording lever is of bell-crank form, having a 
vertical arm F passing down into the middle of the trough, and a 
horizontal arm G to which the writing point is attached. The axle D 
is made so long that the horizontal arm of the lever passes clear of the 
side of the trough. At one end of the trough there are provided two 
horizontal holes through which there pass the electrodes H, H, which 
terminate at their outer ends in binding screws and et their inner ends 
in platinum wires. These electrodes are cased in ebonite except at 
their extreme ends. 

The following is the method by which a gastrocnemius-sciatic 
preparation is set up in the trough. A pin is thrust through the knee- 
joint between the bones, and a short loop of thread is tied to the tendon. 
The pin is put into the hole in the ebonite boss B; the screw £ is then 
unclamped and the carriage C with the recording lever is slid forward 
until the loop of thread can be passed round the hook at the lower end 
of the vertical arm F. The recording lever is then drawn back until 
the muscle is tense and the writing arm horizontal. The screw E is 
then clamped. The two electrodes can be brought to any part of the 
trough, so that they can be applied either to the nerve in any part of 
its length, or to any part of the muscle. 

With slight modification this method of setting up is applicable to 
any muscle of suitable size, or to the heart. 

Whatever tissue is used, the trough is always filled with Ringer's 
5 to — a depth that the tissue is just covered. The fluid can 

rawn off by means of a tube and pinch-cock in the floor 
of the trough. 
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For experiments on the electric response of muscles and nerves, in 
which of course complete immersion of the tissues is not practicable 
owing to short circuiting, the trough may be covered with a glass plate 
and used as an ordinary moist chamber. With this object in view the 
upper surface of the trough has been left flat and free from projecting 
parts. For the introduction of non-polarisable electrodes two holes J, J, 
are provided at the opposite end to those by which the ordinary electrodes 
enter. On the side of the trough there is an extra pair of binding 
screws for making connexion with non-polarisable electrodes when used. 
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For loading the muscle two holes are provided in the horizontal arm G 
of the recording lever. One of these holes, X, is at the same distance 
from the axis as the hook at the end of the vertical arm F. This hole is 
used for the attachment of weights when the muscles are to be subjected 
to great tension as in experiments on the relation of load to work. 
The second hole, M, is at one fifth of this distance from the axis. 


Weights are attached to this hole in all ordinary experiments, where it 


is desirable that the record of contraction shall be as little as possible 
deformed by overthrow of the lever. 

The trough has now been in use for some time in the routine of 
class work at the Cambridge Physiological Laboratory. It gives good 
results in the hands of elementary students chiefly on account of the 
good preservation of the tissues, the simplicity of the adjustments which 


have to be made, and the ease with which all parts of the preparation 
are accessible. 


The sympathetic innervation of the viscera. By J. N. LANGLEY 
and L. ORBELI. 


The sympathetic innervation of the alimentary canal and of its blood 
vessels has been described by Waters, and by Steinach and Wiener 
as being segmental, the successive spinal nerves innervating successive 
and not greatly overlapping portions of the gut. This arrangement 
differs from that which exists in the mammal. On testing the state- 
ment we find that it is incorrect. In a frog with the brain, or with the 
brain and spinal cord, destroyed, it is readily seen that stimulation of 
the sympathetic trunk just below the 3rd ganglion, causes contraction 
of blood vessels, not only in the csophagus and upper portion of the 
stomach, but also in the large intestine. A demonstration of this is 
given. We find that each spinal nerve from the 2nd to the 5th inclusive 
sends..vaso-motor and viscero- motor nerve fibres by its ramus 
communicans to the lower part of the œsophagus, the stomach, the 
small intestine, and the greater part of the large intestine, i.e. to the 
part of the gut supplied with blood by the art. intest. comm. 
Probably the other organs supplied by this artery receive their 
sympathetic supply from the same spinal nerves. We have obtained 


some indications of the presence of viscero-inhibitory fibres, but no 
decisive proof. 
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The region of the gut supplied with blood by the art. mesen. post. 
is innervated by the 6th and 7th nerves, and chiefly by the latter. 

The kidney and generative organs are innervated by the 4th, 5th, 
6th, and 7th nerves; on the 4th and 7th nerves, however, we have made 
a few experiments only. 

A separate inferior mesenteric ganglion and hypogastric nerves do 
not appear to exist. We find, so far, that the sympathetic supply to 
the bladder (7th and sometimes apparently the 6th nerve) leaves the 
sympathetic trunk by the rami either of the 8th and 9th nerve, or of 
the 9th, or of the 9th and 10th, according as the sciatic plexus is 
anterior, median, or posterior in type and reaches the bladder by the 
pelvic nerve. 

The heart (and the iris and blood vessels of the head) receive 
sympathetic fibres from the 2nd and 3rd nerves, a result which is more 
or less in agreement with the conclusions of Budge and of Gaskell. 
In the two or three experiments made, the upper rootlets of the 2nd 
nerve were without effect, the lower only being effective. The Ist and 
4th nerves require further investigation. 

It will be seen that in its general features the plan of the sympathetic 
innervation of the viscera in the frog is the same as that of the mammal. 

Nicotine weakens but does not completely paralyse the pre-ganglionic 
fibres. Adrenine 001 p.c., locally applied, readily causes contraction 
of the arteries of striated muscles; how far this is also caused by 
sympathetic stimulation we have not yet determined. 


Entoptic currents seen in the region corresponding to the 
fovea and yellow spot. By F. W. Epripce-GReen. 


If the central portion of one eye be covered with an opaque disk 
and both eyes be directed forwards to a feebly illuminated white surface, 
in about twenty seconds the field of vision will become suddenly 
dark and currents will be seen which all appear directed towards the 
centre. The currents meet in the centre which has the appearance of 
a whirlpool. The movement is most noticeable in the region correspond- 
ing to the non-vascular portion of the retina. The currents can also be 
seen with intermittent light, or by looking through a yellow-green glass 
at a white surface with one eye, or by looking at the sky with one eye 
about three hours before sunset. 

I would suggest that these currents are due to the visual purple 
flowing into the external fovea. 
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The action of praseodymium, didymium and erbium on the 
frog’s heart. By G. R. Mixxs. 


In a recent paper I have described the action of salts of certain 
rare earths on the frog’s heart. Mr J. E. Purvis bas kindly given me 
materials to extend these investigations. I find that the chlorides of 
praseodymium, of didymium and of erbium act alike, and in the same 
way as those of lanthanum, yttrium and cerium (-ous). Neutral 
Ringer's solution containing 00001 mol. per litre of either of these 
substances, when perfused through the heart, quickly reduces the 
systole and generally stops the ventricle in diastole in the course of a 
few minutes, Recovery on washing out with neutral Ringer’s solution 
is long delayed and imperfect, while the addition of a little alkali 
renders the recovery prompt and complete. The fact that didymium 
and praseodymium tested alternately on the same heart show the same 
activity, leads to the conclusion that neodymium, the other constituent 
of didymium, has the same activity in this respect as praseodymium. 


Proteins of blood plasma. By W. B. Harpy and Mrs STANLEY 
GARDINER. 


Plasma or serum or both of the following have been examined: 
ox, horse, sheep, pig, dog, rabbit and bird. From any plasma it is easy 
to separate three fractions. (1) A remarkable complex which is freely 
soluble in a very narrow range of salt concentration. It can be purified 
by repeated solution and precipitation with MgSO, (not AmSO,—since 
this salt rapidly makes it entirely insoluble) and then forms a limpid 
colourless solution of rotation (ox) — 42°. On throwing this into a large 
volume of water the complex instantly decomposes into an insoluble 
stringy protein which appears to be ordinary fibrin, and a globulin which 
is wholly insoluble in saturated MgSO, and is closely associated with a 
large amount of a brown-gold pigment. This fraction we call the “clot 
fraction.” It is remarkable in the fact that, though it yields a pigment 
when decomposed, when intact it is absolutely pigment free. 


All rotations are for light of wave length 656-3 uu. 
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(2) Serum globulin insoluble in sat. MgSO, at 33° and in 3 sat. 
AmSO,, and (3) serum albumen. To separate completely (2) and (3) so 
that the former is quantitatively insoluble in the salt concentrations 
given above, about seventeen solutions and precipitations are needed. 
One then has a sky-blue fluid absolutely free from serum pigments. 
The globulin set free by the decomposition of the clot complex differs 
from serum globulin in having pigment associated with it. It is 
very doubtful whether it corresponds with any fraction of serum 
globulin. In serum of horse, globulin forms 60—70 %, albumen 
30— 40% of proteins. 

Each fraction (S. globulin and S. albumen) when quantitatively 
purified is a complex, the former of globulin and cholesterin esters 
(+ 5°/,), the latter of albumen, cholesterin esters (+ 10% ) and two pig- 
ments, one lemon-yellow freely soluble in alcohol, ether or chloroform ; 
the other gold-brown and most intractably insoluble in all solvents when 
once separated from the protein. Neither pigment shows bands, both 
absorb the light of short wave length. 

For a colloidal solution the grade of solution of serum is very high, 
yet the solution complex decomposes into one substance soluble in water, 
namely albumen, and five substances insoluble in water, namely globulin, 
three cholesterin esters and two pigments. 

In order to study the proteins it was necessary to eliminate the 
esters and pigments. This was done by the following procedure, 
Serum or plasma is cooled to 0°, added to several times its volume of 
alcohol [or acetone] previously cooled to —8°. The ppt. filtered off 
at 0°, washed with dry cold ether at 0° until the alcohol or acetone is 
removed; thoroughly extracted with boiling ether, filtered off and dried 
over H, SO, in vacuo. The product is a white powder, freely soluble in 
distilled water, which clots normally if from plasma, is physiologically 
unchanged in eg. the fact that any antitoxie value is preserved, and 
shows only the change in rotation to be expected from removal of the 
esters, A solution can be fractionated by salt just as can the original 
plasma or serum but, in the absence of esters, the serum globulin is 
wholly soluble in saturated NaCl, otherwise the fractions have normal 
solubilities. Owing to its insolubility in alcohol, ether, &. the gold- 
brown pigment is not removed by this procedure. The product when 
dissolved shows the normal alkalinity of serum, which therefore is not 
due simply to alkaline carbonates. 

In order to save duplication of figures the remainder of the com- 
munication will deal only with horse serum. 
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The Albumen Fraction from normal serum was crystallised: as many 


ctops as possible being taken. 


2 


Crystals are yellow and contain both pigment and esters. Rotation 
from different horses — 42°5, — 42°6, — 42°8, — 42˙8: mean 426. 

Mother liquor rotation varying from — 40˙9 to - 24°8, rotation falling 
as successive crops of crystals are taken out, finally rising. 

This difference in rotation is wholly due to two causes: (1) the excess 
of esters in the mother liquor, and (2) the reaction. It does not indicate 
the presence of two proteins, for after removal of the esters we have 


~44°5, 45°56, 44°90, — 44-9 mean 449. 


crystals 
AmS0,) mother liquor-43, 42.8, - 425 mean 42°7. 


The small difference is due almost solely to the difference in reaction 
of a solution of crystals and the mother liquor. In the process of crystal- 
lisation as Inagaki showed, the salt present is decomposed (AmSO,, 
MgSO,, or Na,SO,), the crystals taking the acid and leaving the 
mother liquor relatively alkaline. Inequalities in the readings for 
crystals are also due to variation in acidity. In the absence of lipoids 
70 % of the albumen crystallises out. 

The rotation of the albumen is a function of the reaction of the 
solution. 


Acid Alkaline 
(HA) Am) 
Crystals containing 
esters and pigment. 894 diff, 
Ester free. 44-9 —41˙4 diff. 3°5 


The difference is not due to production of acid or alkali albumen 
since it occurs in about 91 seconds and is reversed by reversing the 
reaction, Further, the crystalline form varies, that of the alkaline phase 
being a blunt oval, that of the acid phase fine needles in clusters. 

The Globulin Fraction presents many difficulties. Whether esters 
are present or absent it can readily be split by salt fractionation into a 
fraction of lower solubility which is opalescent in solution and gummy 
on the filter paper (1), and a fraction which is limpid in solution and 
granular on the filter paper (2). 


Usual rotations (1) very difficult to read + - 35°8 | 
(2) varies from — 34 to — 40°6. 
It was noticed however that (1) appeared more readily when great 


care was not taken to fractionate with carefully neutralised AmSO,. 
Fractionation conducted. throughout at from 0° to — 5° in neutral 
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medium resulted in a series of fractions, the one which came down with 
minimal salt being now as limpid as the rest, but it clouded at room 
temperature in the course of 24 hours. Fractionation at a low tem- 
perature with neutral solutions gave products all of identical rotation, 
namely — 385. We are therefore not satisfied that there exists two 
globulins in intact serum. 

As in the case of albumen the rotation of globulin is a function of 
reaction, being higher in presence of a trace of acid and lower in 
presence of a trace of alkali. It varies also with the salt present, 
being higher with MgSO, [— 38] and lower with AmSO, [— 36]. 

Effect of acid and alkali on rotation. Serum globulin, serum 
albumen, and crystalline egg albumen agree in the fact that the rotation 
is immediately (90 seconds) raised by a trace of acid, lowered by a trace 
of alkali. The rotation is a function of the strength of the acid or alkali 
and of time. 

The effect of time may be illustrated as follows: 

Ester free serum albumen. Rotation — 445. Trace of ammonia 


added until reaction just alkaline to litmus. 


Time after adding alkali: 90“ 15° 45’ 20 hrs. 
Rotation —428 422 420 419 


Ester free globulin. Rotation — 37 0. Ammonia added as above. 


90” 90’ 20 hrs. 
Rotation 33°4 35°66 36°7 


The characteristic secondary rise is probably not due to decom- 
position of the protein since the electric conductivity remains constant. 

The case of albumen would be satisfied by the hypothesis that the 
rotation of the free protein was greater than that of the compound with 
either acid or base. That is 


A = £8 yrotein — (1 — ) 4 acid or 

where A is observed rotation, a the rotation of the protein itself, and # 
the fraction hydrolysed. 

But the behaviour of globulin is not explained by any such simple 

dissociation hypothesis. It suggests the presence of two dynamical 

isomers. 
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An electrical drop recorder. By P. P. Lalblaw. ” 


It is often convenient to record the rate of a secretion, or the rate 
of venous outflow in drops. In the case of a slow flow, with compara- | 
tively long time intervals between the drops, a number of recording 
methods are available. When, however, a fast rate of outflow has to be 1 
dealt with and the drops follow upon each other very quickly, consider- 
able difficulty is experienced in obtaining an accurate record. 

The instrument described in this note was devised to meet this 
difficulty. 

The advantages claimed for this instrument are 

(1) Simplicity id construction. All the materials used in its 
manufacture are obtainable in @ physiological laboratory. 

(2) The instrument is sensitive. Small drops ‘are as readily re- 
corded as large ones. 

(3) The return to the position of rest is quick, so that drops 
following each other at short time intervals are recorded accurately. ö 

Any rate of flow up to nine drops a second can be recorded. In \ | 
testing the speed limit of the instrument it was found to be impossible : 
to obtain a faster rate than this from a single orifice. A faster flow * 
gave an intermittent stream instead of separate drops. | 


The instrument is shown in Figs. 1 and 2; the lettering represents 
‘the same parts in each figure; it consists of a light lever B at one 
9 of which is fixed a small celluloid plate A on which the drops fall. 

e other end of the lever B is fixed on to a small cork plate D 
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permanently immersed in the mer- 


bar G. 2 
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which in turn is fixed to a short length of glass tubing through which 
a needle is passed, forming the axis of the lever. A short glass spring 
C,(which is made by drawing out a N. 
piece of glass rod) presses upon the | L | : * 
cork plate just beyond the axis of | — | 
the lever, and maintains the lever FB 
in the horizontal position. A short 75 


piece of metal is fixed at right 
angles to the lever at L. From 
either end of this cross piece two j = 
wires P, FP descend vertically P 
to two mercury cups K, X. — 

One of these wires bas a flattened ve 
end and is sufficiently long to be 


cury of its cup. The other basa + K N K 
sharp platinum point which is just g 
above the surface of the mercury. — 
This mercury cup K has a levelling 
screw S. The mercury cups are 
embedded in a block which is fixed 
on to a bar G. The axle of the 
lever is fixed in another support F 
which is in turn supported by 


Bar G and glass spring O are 
attached to a stand by means of 


boss heads. 
A drop hitting the celluloid Fig. 2. 
plate causes a downward movement 
of the lever and a connexion between the mercury cups. These are 
put in circuit with an electric signal and a suitable battery. 
Adjustment of the mercury level just below the platinum contact 
point ensures a single contact for each drop. The delicacy of the 
instrument is increased by using a fine 1 spring and decreased ie 
— a stouter one. 
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Measurements of small amounts of HCN in vegetable and 
animal tissues. By A. D. WALLER. 


At the last meeting of the Society (June 18) I demonstrated a 
method for the quantitative estimation of small quantities of hydro- 
cyanic acid on animal and vegetable tissues. 

In illustration of the method as applied to animal tissues I 

. showed on the lecture table distillations from 10 grammes (a) blood, 
(Y brain, of a cat killed 24 hours previously by the intravenous injec- 
tion of 10 milligrammes HCN, and I have now brought for your 
inspection the complete series of distillates belonging to that experi- | 
ment. The HCN values of those distillates are as follows: ‘ 


Exp. 21, June 17 to 22; Cat, . 
Distillates from 10 grammes tissue into 10 c. e. picrate. 


June 17. June 18. (At Physiol. Soc.) 
10~* gr. HCN 7. Blood after injection of HCN 110 
1. Blood before injection 8. Brain 198 
2. Do. after injection of HON 125 Jane 20. : 
3. Brain 1 „ 200 9. Blood after injection of HCN 40 
4. Liver 6 „ 106 10. Heart = „ 100 
5. Spleen ” ” 105 11. Liver ” ” 80 
6. Muscle ” ” 000 : 
q Here are distillates taken from the tissues of man by courtesy of 
| Dr Freyberger : 
Exp. 24. Male, aged 60, found dead in bed on the morning of June 21. 
June 28. Blood a 25 40 10 gr. HCN 
Muscle 00 
Exp. 25. Female, aged 50, death under ethyl chloride and chloroform. 


1 These two cases, where the negative results of No. 25 control the 
P positive results of No. 24, illustrate the suitability of the method for 
medico-legal use. : 

In illustration of the method as applied to vegetable tissues I 
showed the contrast between two tubes, each containing a laurel leaf 
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in pierate solution, to one of which a few drops of chloroform had been 
added, and gave in illustration of the measurements of its amount the 
following figure in which the total daily amounts evolved by 10 grams 
of leaf have been plotted. 


E 


days 2 4 6 8 


Fig. 1. April 21. Total evolution of HON by 10 grammes of laurel leaves during 
8 days at a temperature ranging between 14° and 18°. 


Such measurements can be taken with satisfactory accuracy at 


short intervals of time under suitable conditions, i.e. we young 


vigorous leaves at a temperature of 40°. 

In the series of bottles now before you each bottle contains the 
HON yielded by a young laurel leaf (weighing 1'1 gram) during 12 
successive periods of 5 minutes. 

The HCN values were as follows: 


Ist period 000 10-* grm. HON 7th period 100 10 grm. HCN 
2nd ” 300 9° 8th ” 75 3 
3rd ” 550 9th 50 * 
4th 400 10th 37 ” 
5th 250 ” 11th 8 ” 
6th ” 200 ” 12th ” trace * 


and their plotted curve is given in curve I. of Fig. 2. The three 
curves given in this figure, although most suggestive of physiological 
differences in character, are in reality, I believe, due to physical 
differences in the three leaves, which contain at death different quanti- 
ties of glucoside and of ferment and which offer more or less obstacle 
to diffusion. 

The colour standard, in which the unit tint T 1 is that of 110 
gramme per 1 C. of picrate (i.e. 1 milligramme per litre) is very 
permanent, The colour is not affected appreciably by sunlight or by 


4 
. 
a 
‘ 
* * 
51 
a 
— 
- 
4 
d 
30 
* > 
2 
- 
— * 
* * 
* 
20 ¥ 
* 
A 
* 
4 
8 
4 
> 
a 
1 
* 
> 
{ 
a 
ia 
* 75 
* 
* 


4 


Ixxvi PROCEEDINGS OF THE PHYS. SOC. JULY 9, 1910. 


boiling. Differences of colour within the range of T1 and 7 10 are 
easily distinguished in ordinary two-ounce bottles. Differences within 


the range of 701 and 7'1 are equally easily appreciated in Nessler 
tubes with a column of 10 to 20 cm. long. Finer differences still can 
be measured by any good colorimeter such as that of Du bos, or of 
Schmidt and Haentsch. But up to the present I have contented 
myself with the study of results appreciable in the range above 7 1. 
For smaller values the greatest care is necessary as to the cleansing of 
tae still and other glass vessels used for measuring purposes. 


I 
5 


hours hour 


Fig. 2. July 5, 6, 7. Evolution of HON by three different laurel leaves, I. young, 
weighing 1-1 grm., II. middle aged, weighing 2°3 grms., III. . 
The observations were taken at 40° at intervals of 5 minutes. The ordinates are 
given in millionths of a gramme HCN. 
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